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INTRODUCTION 
Quantification of water stress in field-grown crops is an on-going 
and difficult process. Complicated interactions with environmental con­
ditions can confound stress measurements and make them difficult to 
interpret, and because plants are continually changing throughout their 
development, seasonal and diurnal fluctuations in crop physiology need 
consideration in stress quantification. Stress history of crops has also 
been implicated as another confounding factor in stress quantification for 
some species. 
This research was partly designed to investigate the effects of envi­
ronmental conditions on midday values of plant water-relations parameters 
used in quantification of water stress in soybeans (Glycine max (L.) 
Merrill) and the responses of these midday stress parameters to stress 
preconditioning, i.e. are preconditioned soybeans better able to withstand 
later stress, and if so, ^ y? Midday values of stress parameters were 
used to reduce confounding with diurnal variations in the environment and 
crop physiology and to determine if preconditioned plants had more favor­
able water status under the highest-demand conditions of the day. 
Soybean yield responses to stress timing and preconditioning were 
thoroughly investigated in these studies. Four cultivars of differing 
maturity were included because there is a paucity of data on cultivar 
yield variations in response to stress timing and preconditioning in the 
literature. Yield characteristics were separated into branch and stem 
contributions and into 25-cm strata on the stems to locate how and where 
in the plant a particular stress treatment affected yield and its charac­
teristics. 
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Yield components were derived and, through differentiation, the dif­
ference in yield resulting from stress during a particular period was 
expressed as a sum of yield changes due to each respective yield compon­
ent. Yield component changes in response to a given stress treatment were, 
therefore, assessed in terms of their effect on yield. Comparisons of 
preconditioned and unconditioned yield reductions during a particular 
stress period and the yield component influences on these yield reductions 
could then be made. 
Intuitively, yield losses may result from reductions in dry-matter 
partitioning to the seeds and/or from reductions in total-plant dry matter 
production. Total dry-matter reductions are generally accepted as the 
primary cause of yield losses in most species. Changes in harvest index 
in response to the various stress treatments, however, would indicate that 
some of the treatments are affecting dry-matter partitioning to the seeds. 
Harvest indices were, consequently, calculated to investigate stress 
timing and preconditioning effects on partitioning to the seeds. 
Estimating corn yields in Iowa from meteorological and soil-moisture 
data has been practiced for many years. Because soybeans have become a 
major crop in Iowa, there is also interest in estimating soybean yields 
based on soil-moisture and meteorological data. Most of the soybeans 
grown in Iowa are indeterminate cultivars, so the need for a growth stage 
weighting function which has improved corn yield estimation was studied. 
A stress index using soil moisture values was, consequently, developed to 
determine if soybean yields need to be weighted for stress timing and if 
preconditioning needs consideration. 
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NOTATION 
Much of the discussion In this dissertation Involves concepts and 
notations that are not always clearly defined In the literature. In this 
section, the notations, common terminology, explanation of major terms 
and concepts, and units of measurement will be given to clarify later 
discussions. 
SYMBOL NAME 
Pn Carbon Dioxide 
Uptake 
PPFD Photosynthetlc 
Photon Flux Density 
EXPLANATION 
14 COg uptake or true photosynthesis 
(mg COg dm ^ hr 
Flux density of photosynthetIcally active 
radiation (yE m ^ sec 
Stomatal Resistance 
Residual Resistance 
Actually leaf-epidermal resistance to 
water-vapor diffusion which is essen­
tially equal to stomatal resistance 
(sec cm 
That portion of resistance to COg uptake 
not explained by R^ or boundary layer 
resistance 
Conductance Stomatal conductance which equals 1/R, 
-1. (cm sec ) 
ir 
Leaf Water Potential 
Leaf Osmotic Poten­
tial 
Leaf Turgor Potential 
Xylem Water Potential 
Xylem Water Potential 
Water potential of the leaf symplast or 
plant cells (bars) 
Osmotic potential of the leaf symplast or 
plant cells (bars) 
Turgor or pressure potential of the leaf 
symplast or plant cells (bars) 
Water potential of the apoplastic water 
inside the leaf (bars) 
Osmotic potential of the apoplastic 
water inside the leaf (bars) 
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SYMBOL 
SM 
NAME 
Xylem Turgor Poten­
tial 
Soil Moisture 
RWC Relative Water Con­
tent 
EXPLANATION 
Turgor or pressure potential of the 
apoplastic water inside the leaf (bars) 
Volumetric soil moisture (cm potometer 
A potometer has a soil depth of 53 cm 
A measure of leaf water content relative 
to a fully turgid leaf 
^ _ Fresh Weight - Dry Weight 
Turgid Weight - Dry Weight 
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METHODS AND MATERIALS 
General Layout and Preparation 
In order to study water relations, soybeans were grown in 110-liter 
galvanized steel garbage cans or potometers (Figure 1) located inside the 
automatic weather (rainout) shelter plots at the Hinds Irrigation Farm 
immediately north of Ames, Iowa. Each potometer was filled with soil from 
the top 15 cm of a Nicollet loam (Aquic Hapludoll), and access tubes for 
volumetric soil moisture determinations by neutron meter were centrally 
located in each potometer. Because roots growing through the bottom of 
a potometer might have provided an unlimited supply of water to the plants, 
a single drainage hole in the bottom of each potometer was located under­
neath the access tube to make root penetration unlikely. About 10-cm of 
washed sand was previously laid underneath the potometers to allow for 
easy drainage of excess water. 
Potometers were arranged to simulate an actual field situation inside 
the weather shelter with straight rows of 27 immediately adjacent potom­
eters arranged so that crops could be planted in eight 81-cm wide east-
west rows (Figure 2). Concrete bases and rails for the weather shelter 
were located north and south of the outside rows. East-west border rows 
of soybeans were planted in 76-cm rows from the outside edge of the con­
crete rail bases to the north and south at least 12 rows. Border rows 
were also planted in-line with the potometer rows on both the east and 
west ends of the experimental plots. 
The automatic weather shelter is a steel building mounted on wheels 
that automatically moves on steel rails to cover all of the potometers 
during periods of rainfall (Figure 3). When in this position, doors at 
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NEUTRON METER 
ACCESS TUBE (152 cm) 
51 cm 
SOIL SOIL SOIL 
CO 
ID 
DRAINAGE 
HOLE 
— 46 cm — 
WASHED SAND o 
SOIL 
Figure 1. Diagram of a potometer with a neutron meter access tube. 
--,4 u i' 
Figure 3. The weather shelter 
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both ends of the building automatically descend to prevent wind driven 
rain from entering the outermost potometers. Approximately 30 minutes 
after the rainfall sensor dries, the building automatically lifts its 
doors and moves away from the plots to leave them uncovered. An elec­
tronic rainfall sensor and appropriate limit switches control all of these 
movements. Use of a continuously burning light bulb prevented dew conden­
sation on the rainfall sensor, consequently, the plots were uncovered at 
night except when precipitation occurred. 
Because the potometers have a volume of only 110 liters, the soybean 
root systems were restricted in the extent of their growth. This restrict­
ed root volume and the automatic weather shelter allowed us to completely 
control the soil moisture available to the plants through hand watering 
of individual potometers. Soil-moisture treatments were imposed by with­
holding the hand watering at appropriate times which will be discussed 
later. 
Soybeans were originally planted in the potometers in mid-May but a 
severe insect problem led to very poor emergence. Because of the problem, 
the soybeans were replanted on 31 May and Sevln Insect Bait (carbaryl) was 
sprinkled In each potometer to irradlcate the insects. Eleven or 12 plants 
per potometer were seeded and they were thinned to ten plants per potometer 
on 28 June. A stand of 242,000 plants ha ^ remained after thinning. 
Prior to planting, fertilizer was mixed by hand into the potometer 
soil in a ratio of 22:49:93 Kg of N, P, and K ha Nitrogen was Included 
as a starter only. Quantities of P and K were double the amounts used in 
a typical field situation but were necessary because of the restricted 
9 
root systems in the potometers (J.J. Hanway, Agronomy Dept., Iowa State 
University, Ames, Iowa, Personal Communication). Malathlan was sprayed 
on 12 July over all the plots to control an infestation of green clover 
worms (Plathytena scabra). Weeds were completely controlled by hand 
cultivation. 
On 17 August, Cygon (dimethoate) was sprayed to control two spotted 
spider mites (Tetranychus urticae) on plants in the potometer (square 2, 
row 4, column 4, and period 3 stressed) and to some extent on plants in 
the potometers immediately east and west of that potometer. Because that 
potometer was being stressed at the time of red spider mite infestation 
and interactions between red spider mite, pesticide, and stress-treatment 
effects are unknown, the treatment effect was assumed to be dominant and 
the insect effects were neglected. 
Measurement of Water-Relations Parameters 
Soil moisture 
Soil moisture (SM) was measured with a neutron meter Model 1237 and a 
scalar Model 2601 commercially available from Troxler Laboratories of 
Research Triangle Park, North Carolina. Calibration of the neutron meter 
was accomplished by least squares fit of neutron meter readings with 
gravimetric soil-moisture determinations from the same depth in the soil. 
Gravimetric samples, consisting of three soil plugs, were taken from 
10 potometers over a wide range in SM and were converted to cm H2O per 
potometer (Eq. 1). 
S" = D/bd^'' (1) 
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where 
W = Weight of wet soil (8) 
BD = Assumed bulk density 
D = Weight of dry soil 
p = Density of water 
(g) 
(1 g cm 
(1.3 g cm 
K = Depth of soil in a pot (53.3 cm) 
Neutron-meter readings consisted of an actual count (C) and a standard 
count (S) to account for variations in radioactivity. Using the ratio 
R = C/S, an estimate of SM in cm HgO per potometer was obtained through 
linear regression with gravimetric determinations (Eq. 2). 
From 22 July through 21 August, SM was sampled, beginning at 1000 
hours, in 24 potometers in column 1 of square 2 to obtain an estimate of 
diurnal SM change for each SM treatment. Measurements were also taken in 
other appropriate potometers in the plots at the beginning and end of each 
stress period to aid in SM estimation for those days when SM was not 
measured. All SM measurements were taken at a depth of 25 cm from the 
bottom of the potometers. 
In appropriate potometers outside of column 1 in square 2, soil mois­
ture was measured once early and once late in each stress period. On 
days other than measured days, SM was estimated by prorating with daily 
measurement s in column 1 of square 2, This was done to account for dif­
ferences in evaporative demand that would not be explained by a simple 
linear fit with time. 
SM = - 1.82 + 21.63 (R) (2) 
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Leaf water potential 
Leaf water potential (iji) was estimated with a pressure bomb commer­
cially available from PMS Company of Corvallis, Oregon. Photosynthetic 
Photon Flux Density (PPFD) was measured horizontal to the ground with each 
\l) sample to estimate PPFD on the leaf surface. Only leaflets that were 
nearly horizontal and well exposed to the sun were sampled. The middle 
leaflet of a fully-expanded trifoliolate was removed from the plant and 
the petiole was fit through a circular hold in the center of a rubber disk 
and a metal disk of similar size and shape. When the petiole was well 
seated in the hole, it was cut so that about 2 mm extended beyond the 
metal disk. The leaf sample was then placed in the pressure chamber and 
was well secured. This procedure was accomplished as quickly as possible 
to avoid excessive desiccation of the excised leaflet. Each sample 
required approximately two minutes. 
Once a leaflet was secured in the pressure chamber with its cut 
petiole extending through the metal disk toward the outside, the air 
pressure inside the chamber was slowly increased until sap was observed 
to bubble on the cut surface of the petiole. Care was taken to maintain 
the rate of pressure increase nearly constant for each sample. The pres­
sure required to bring sap to the cut surface is assumed to be the ten­
sion of the original water column (Waring and Cleary, 1967). Therefore, 
the pressure required is the additive inverse of the xylem (apoplastic) 
turgor potential (P^), 
Xylem (apoplastic) water potential (T/J ) and xylem (apoplastic) 
X 
osmotic potential (ir^) are related to P^ as in Eq. 3. 
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X 
lb + P 
X X 
(3) 
Symplastic tl> and apoplastlc are assumed to be in equilibrium before 
removing the leaflet from the plant; hence, we obtain Eq. 4 (Boyer, 1967). 
Intuitively, rp represents the force tending to pull water into the leaf 
cells and represents the force tending to pull water out of the 
cells into the apoplast. In this field study, xylem osmotic potential 
(iT^) was neglected (Boyer, 1967; Boyer and Ghorashy, 1971). 
Leaf osmotic potential 
Leaf osmotic potential was estimated using a HR-33T Dew Point Micro-
voltmeter and a C-51 Sample Chamber Psychrometer conmercially available 
from Wescor, Inc. of Logan, Utah. The dew point method was used in ir 
determinations. The instrument was calibrated against solutions of known 
molality over a range of water potentials and a calibration equation, 
including a correction factor for temperature(T), was generated in terms 
of yV readings from the instrument (Eq. 5). 
Immediately following field measurements of stomatal resistance (R^) 
and if; on a leaflet, the leaflet was placed inside a disposable 3 ml 
syringe and was frozen in dry ice. The samples were kept frozen until 
one hour before ir was measured when they were allowed to thaw inside their 
respective syringes at a room temperature of 25°C. A few drops of osmot-
icum were then expressed from a syringe into the C-51 sample chamber, they 
were allowed to equilibrate for 3 minutes, and measurements were recorded. 
(4) 
ir - 0.786 + 1.373[uV/(0.325 + 0.027T)] (5) 
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No change in yV readings occurred after 2 minutes, but 3 minutes of equi­
libration time was chosen for assurance. Turgor potential (P) was calcu­
lated from Tp and TT measurements on the same leaflet (Eq. 6). Matric 
potential was assumed to be negligible and was neglected. 
Stomatal conductance 
Stomatal resistance (R^) was measured with an LI-65 autoporometer 
commercially available from Lambda Instruments Company in Lincoln, 
Nebraska. Calibration was achieved using a 201S calibration plate and the 
procedure outlined in Lambda Brochure A-176. The procedure was modified 
slightly to reduce the possibility of liquid water accumulating in the 
calibration plate openings (McCree and van Bavel, 1977). 
A fine plastic screen was placed between the wet filter paper (water 
vapor source) and the calibration plate. Openings, slightly larger than 
each group of holes in the calibration plate, were cut in the plastic 
screen beneath each respective group of holes to allow unimpeded diffusion 
of water vapor from the filter paper to the calibration plate. Because of 
the modification, however, a different resistance equation than that given 
in Lambda Brochure A-176 had to be used: 
P = i j /  -  n  (6) 
R. 
4A(L + Trd/4) (7) 1 
where 
A = Area of sensor opening 
L = Length of each hole (0.1524 cm) 
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d = Hole diameter (0.1 cm) 
IT = Hole circumference/hole diameter (3.14159) 
a = Dlffusivity of HgO vapor at 25°C (0.2565 cm^ sec~^) 
n = Number of holes/group (8, 15, 30, 60) 
Because a Is temperature dependent, must be adjusted for temperature 
variations. A temperature (T) correction factor (CF) was obtained by 
finding a least squares regression of points taken from Figure 6 In 
Lambda Brochure A-176: 
CF = 0.533 - 0.030(T) + 0.002(T^) (8) 
To calibrate the autoporometer, we determined the time change (t) 
over a preset humidity range for the various groups of holes. Each group 
was replicated 3 times and temperature was recorded for each replication. 
Recorded values of t were adjusted to 25"C as in £q. 9. 
t23 = t X CF (9) 
R^ values for different groups of holes were calculated from Eq. 4 and a 
linear regression between R^ and tgg was computed as the calibration 
curve: 
Rj^ = 0.64 + 3.20(t2g) sec cm ^ (10) 
The autoporometer was calibrated prior to and after the field measure­
ments, and there were essentially no differences in calibration curves. 
Stomatal resistance was measured on fully expanded leaflets, well 
exposed to sunlight. All measurements were taken during the high demand 
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period of the day on several days during stress periods 2 and 3. Adaxial 
(Ad) and abaxial (Ab) resistances were measured on each leaflet and their 
respective conductances were calculated as CAD = 1/Ad and CAB = 1/Ab. 
Total leaf conductance (C) was calculated as: 
C = CAD + CAB cm sec"^ (11) 
Conductance was used rather than because it is directly proportional 
to the water-vapor flux density (Q) from the leaf as shown in Eq. 12; 
Q = C[(H20)i - (HgOOg] g cm"^ sec~^ (12) 
where 
(HgO)^ = Absolute humidity in the leaf stomata (g cm ^) 
^®2^^s ~ Absolute humidity at the sensor (g cm ^) 
C = Stomatal conductance (cm sec ^) 
Photosynthesis 
Photosynthesis (Pn) was measured using C-14 labelled COg with the 
procedure described by Incoll and Wright (1969). Pictures of the actual 
apparatus, including the leaf exposure chamber, and a description of the 
general procedure can be found in Hatfield (1975). 
After attaching the exposure chamber to a leaflet, we used a flow 
rate of 150 ml min and an exposure time of 20 seconds to evenly distrib­
ute labelled COg on both sides of a leaflet. A mixture of zinc oxide and 
glycerol was swabbed on the top gasket of the exposure chamber to allow 
for location of the exposed section. A leaf punch was used to remove 
2 1.138 cm sections of exposed leaf tissue which were then placed into 
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numbered scintillation vials for later analysis. 
Exposed leaf tissues were digested by 1 ml of Nuclear Chicago Solu­
tion (NCS) that was placed in each vial prior to leaf sampling. During 
sampling, vials containing the NCS were kept in the shade as much as pos­
sible. Before further analysis, the leaf tissues were allowed to digest 
for more than 48 hours in the laboratory. 
When digestion was completed, 1 ml of bleaching solution was added 
to each vial. The solution contained 6 g of benzoyl peroxide per 30 ml 
of toluene. Before adding benzoyl peroxide to the toluene, the toluene 
was heated to 60°C in a steam bath,the solution was rapidly cooled from 
60*C to 25°C, and it was then allowed to set for 1 hour. The mixture was 
then filtered and added to each vial. 
Eighteen ml of PPO;POPOP: toluene in proportion of 6 g:75 mg:l liter 
was added to each vial as scintillation fluid. After setting for 24 hours, 
the vials were placed in a scintillation counter and were allowed to equil­
ibrate for 1 hour. Thirty second counts were made on each sample in the 
scintillation counter. 
The scintillation counter makes a channel A count (A) and a channel 
B count (B) for quench correction on each sample. Using counter standards, 
an efficiency factor (e) was determined by regression with the ratio B/A 
(Eq. 13). Standard values for e used in the regression were calculated as 
e = (2 X A)/51000. All field-sample efficiencies were calculated from 
Eq. 13. 
e = 0.97 - 0.76(B/A) (13) 
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Photosynthesis (Pn) was calculated as: 
A«M , -2 ^  -1 
P n = e-SpA-R-a-t <=°2 
where 
A Channel A counts 
E Efficiency 
A/ e Decays per minute (DPM) 
M = Molecular weight ^^CO^ 
-7 
(44 mg mmole ") 
SpA Specific activity of labelled COg (0.54 mCi mmole ) 
R Conversion factor from DPM to mCi (2.22 X 10^ DPM mCi 
a Area of leaf section (1.138 X lO"^ dm"^) 
t Sample exposure time (20 sec). 
-1, 
Photosynthesis was measured only on day 70 after planting to study 
its relationships with other water-relations parameters on that day. 
Stomatal resistance was measured on the same fully expanded leaflet prior 
to P^ sampling. Immediately following Pn sampling, ^  and IT were sampled 
on a similarly exposed middle leaflet of a fully expanded trifoliolate. 
Wet and dry weight per unit area 
After the third stress period, when all stress treatments were well-
watered, leaf tissue sections were sampled to determine the wet and dry 
weights per unit area. A 1.138 cm section of leaf was removed with a 
leaf punch after was measured on the leaf. Leaf disks were placed in 
airtight plastic containers to be weighed later. After weighing, the 
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disks were dried at 65°C for 48 hours and then were reweighed. Wet and 
dry weights per unit area were calculated for later analysis. 
Meteorological observations 
Open pan evaporation and precipitation were measured daily near the 
weather shelter at 0930 CDST with a Class A National Weather Service 
evaporation pan and a Standard 8-inch rain gauge. Because rainfall was 
not allowed to enter the weather shelter plots, precipitation data were 
used only in daily evaporation pan calculations. 
Maximum (MAX) and minimum (MIN) temperatures were recorded with a 
hygrothermograph located in a Stevenson Weather Screen at the Hinds Farm. 
Diurnal solar radiation was recorded from the top of Curtiss Hall on the 
Iowa State University campus about 7.5 km southwest of the Hinds Farm. 
Diurnal wind run was recorded at 1700 CDST each day at the Iowa State 
University Agronomy Farm 11 km east of Ames, Meteorological and soil-
moisture observations over the three stress periods are shown in Figure 
4. Cultivar growth stages were also included in Figure 4 to emphasize 
differences in environmental conditions at various growth stages. 
Measurement of Morphological Parameters 
Leaf Area 
On 1 August, leaf area differences between low- and high-stress 
plants were investigated by sampling single leaflets. Leaf area was 
estimated by measuring the length and width of a middle leaflet of a 
fully expanded trifoliolate. One leaflet sample was measured in each 
potometer and leaf area was estimated as; 
Figure 4. Growth stages, soil moisture and meteorological data over 
the three stress periods 
Bars indicate two standard errors of the mean. 
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Area = 0.624 + 0.723 (length) (width) cm ^ (15) 
from Wiersma and Bailey (1975). 
Plant height and dry weight 
Dry weights of the branches and stems and the average plant height 
were determined at harvest. Stems were cut into 25-cm sections from 
ground level upward. All of the branches from the same 25-cm section in 
the same potometer had their petioles and pods removed and were placed in 
numbered bags for drying. Stem 25-cm sections from the same potometer 
also had all petioles and pods removed and were placed in numbered bags. 
Dry weights were recorded after both stem sections and branches were dried 
at 65°C for several days. 
Dry weights on a per plant basis were determined by dividing the dry 
weight by the number of plants per potometer. Total stem dry weights were 
calculated as the sum of all 25-cm sections, and whole-plant dry weights 
were calculated by adding the branch dry weights. 
Experimental Layout 
Treatments 
Hand-watering was the only source of water for the plants grown in 
the weather shelter plots; therefore,moisture stress could be induced by 
withholding water during appropriate periods. The stress treatments con­
sisted of six combinations of three different stress periods (Figure 5). 
In the interest of brevity throughout the remainder of this discus­
sion, the stress treatments will be abbreviated as PO for the low-stress 
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treatment and PI, P2, and PS for the high-stress treatments during periods 
1, 2, and 3, respectively. Preconditioned treatments will be designated 
as P12 and P123 for comparisons with unconditioned P2 and P3, respectively. 
During stress induction, water was withheld from all of the potom­
eters until the first signs of visible wilting became apparent. Those 
potometers in which stress was not desired during that period were watered 
until water was standing on the surface of the soil inside the potometer. 
Water was withheld from the rest of the potometers for several more days. 
Water-relations parameters were measured during these periods of stress. 
When the stressed plants were severely wilted, all of the potometers in 
the experimental plots were rewatered. Soil moisture was either recorded 
or estimated in each potometer of interest during the three stress pe­
riods (Figure 4). 
The stress treatments were designed so that comparisons between pre­
conditioned and unconditioned plants could be made during later stress. 
For example, stress treatment P12 was compared with P2 as was P123 with 
P3. Water-relations parameters for P12 were measured only during period 
2 and were assumed to be the same as treatment PI plants during period 1. 
Prior to stress period 3, stress treatment P123 was likewise assumed to 
have similar water relations as P12. Water-relations parameters were not 
measured in any of the stress periods outside of the stress period of 
interest. 
Cultivars 
Four indeterminate cultivars of differing maturity were used in the 
experiment. The cultivar 'Hodgson' was earliest maturing (110 days). 
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followed by 'Corsoy' (115 days), 'Ottilie 7270' (118 days), and 'Beeson' 
(125 days). Growth stages (Fehr et al., 1971) for the various cultivars 
during the three stress periods are given in Figure 4. 
Statistical design 
Because gradients in water-relations parameters and yield were sus­
pected from past experiments in the weather shelter, a latin-square 
statistical design was chosed to reduce residual error. To allow for 
four cultivars and six stress treatments in the eight rows of 27 potom-
eters, the experiment was designed as a split-plot design with cultivars 
as whole plots and stress treatments as subplots. Cultivars were ran­
domized into two latin-square designs; one latin square on the north half 
and the other on the south half of the plots (Figure 6). Only 24 potom-
eters per row were used, with three border potometers, to allow for six 
stress treatments within each of the four cultivars in a row. 
Each row of potometers in the weather shelter is considered a statis­
tical column within a latin square. Each statistical row of a latin 
square consists of six potometers across the four columns (Figure 7). 
Because the cultivar by stress-treatment interaction was of primary 
interest in this study, stress treatments were arranged in strips within 
a statistical row to maximize tests for the interaction. This randomiza­
tion (Figure 7) also made hand watering of potometers a simpler task than 
if the stress treatments had not been arranged in strips. 
Figure 6. Cultivar (whole-plot) randomization for the 1978 weather 
shelter study 
Whole plots consist of six potometers. Each column has four 
whole plots and three border potometers for a total of 27 
potometers. 
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STRESS QUANTIFICATION 
Literature Review 
Direct effects of water stress 
Many physiological and morphological processes are adversely affected, 
either directly or indirectly, by water stress (Slatyer, 1969; Hsiao, 
1973; Hsiao and Acevedo, 1974; Hsiao et al., 1976). Wilting is the most 
obvious expression of water stress, but turgor dependent processes such 
as stomatal closure and reduced leaf expansion occur prior to any visible 
signs of wilting. The most direct effect of a decline in plant water con­
tent is a reduction in leaf-cell turgor potential (P), and can lead to 
several changes in other plant processes. 
Indirect effects of water stress 
Hsiao (1973), in a review of plant water stress, has given the fol­
lowing plant processes in order of decreasing sensitivity to stress as: 
1. Cell growth (-) 
2. Cell wall synthesis (-) 
3. Protein synthesis (-) 
4. Protochlorophyll formation (-) 
5. Nitrate reductase level (-) 
6. ABA synthesis (+) 
7. Stomatal opening (-) 
8. COg assimilation (-) 
9. Respiration (-) 
10. Xylsm conductance (-) 
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11. Proline accumulation (+) 
12. Sugar level (+) 
where the + or - indicate whether the stress increases or decreases that 
particular process. Hsiao et al. (1976) emphasized that these sensitiv­
ities to stress were based on data in which stress was of short duration. 
Under longer periods of stress and more severe stress, the more sensitive 
processes may not be the most important processes to consider when 
assessing water-stress effects on metabolism or ultimately on yield. 
Although mild midday water stress in plants is quite common and 
usually results in temporary reductions in leaf enlargement and cell 
division (Slatyer, 1969; Boyer, 1970a; Hsiao, 1973), within the range of 
moderate water deficits, soybean leaves adapt to the extent that turgor 
pressure does not limit growth (Wenkert et al., 1978). Dry-matter yields 
may not be greatly affected unless more severe stress reduces photosyn­
thesis through one or more of the following processes (Slatyer, 1969; 
Boyer, 1970a; Hsiao, 1973); 
1. Stomatal closure 
2. Increased residual resistance to CO^ uptake 
3. Excessive accumulation of metabolites. 
Because water-deficit effects on photosynthesis, although indirect, are 
of utmost importance in stress quantification, water-stress effects on 
those plant parameters that directly or indirectly affect photosynthesis 
need to be thoroughly examined. 
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Although dry-matter production is inhibited by high-stress photosyn-
thetic reductions, the effects may not be detected for many days after 
desiccation has reduced Pn. Photosynthetic rates of determinate soybeans 
have been reported to decline between 6 and 13 days after receiving 
irrigation, but no differences in crop dry matter relative to low-stress 
plants were seen until 35 days after Irrigation or rainfall (Constable and 
Hearn, 1978). Among the reasons given for the lag in dry-matter effects 
behind Pn reductions were: 
1. single-leaf Pn response may not reflect the canopy 
2. high-demand conditions accentuate treatment differences, 
whereas dry-matter production is integrated over variable-
demand conditions 
3. stress effects on partitioning of photosynthate affect 
the relationship between photosynthetic rates and dry-
matter increases. 
Little difference in Pn between cultivars was noted, but stress led to 
large differences in the contributions of stem storage to seed yield and 
variations in sink-source limitations were implicated as the cause of the 
reported differences. 
Overview of stress parameters 
Characterization of photosynthetic rates throughout a plant's devel­
opment is the ultimate goal in the attempt to quantify stress. Continuous 
measurement of photosynthesis, either diurnally or seasonally, seems to 
be unobtainable at this time, but other water-relations parameters such as 
stomatal resistance (R^) and water potential (if;) have shown promise as 
relatively easy-to-obtain quantifiers of stress. Working with soybeans. 
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Boyer (1970b) demonstrated that Pn rates were closely related to 
R^(= 1/C), whereas residual resistances (R^) were not as responsive to 
desiccation and were not as limiting to Pn. Declining C was related to 
ijj in that C was relatively unaffected until a critical value of \Ij was 
reached and a rapid drop in C occurred below that critical value. 
The first and most pronounced effect of increasing water deficit on 
field-grown soybeans is a midday depression of C and Pn. As water 
deficits increase with time, C and Pn decrease earlier in the day and 
remain low throughout (Brady et al., 1974; Turner et al., 1978). Because 
stomatal movements are controlled by turgor changes in the guard cells 
and the guard-cell turgor is related to bulk-leaf turgor, a close rela­
tionship is also expected between P and Pn. Assuming no osmotic adapta­
tions to water stress, is closely related to P and can be used as an 
indicator of stress effects on C and Pn (Hsiao et al., 1976). 
To demonstrate the utility of <p as an indicator of stress effects, 
integration of net photosynthesis of determinate soybeans over the day was 
found to be highly correlated with minimum \p over a range from -15 to -25 
bars (Rawson et al., 1978). Stomatal resistance, rather than R^, was the 
controlling factor in rates of Pn over that range in tp. Assimilation was 
reduced about 9% for every 1 bar fall in T/;. 
Many problems are inherent in the process of gathering and interpret­
ing plant water-stress parameters. One obvious problem is the use of a 
single leaf to represent the water status of a whole plant when it is 
known that external environment, age, and position of leaves on a plant 
can greatly affect the measurement of water-stress parameters. To 
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minimize confounding, researchers often choose leaves of similar age and 
position and use single and multiple regression techniques to relate 
water-relations parameters to environmental variables. Intermittent 
sampling of these parameters can give a good characterization of stress 
at particular sample times, but diurnal hysteresis, inherent variability 
between plants, and the laboriousness of taking frequent measurements 
makes this approach difficult as a method to predict seasonal rates of 
photosynthesis or transpiration. 
Jarvis (1976) has suggested the use of mechanistic models, relying 
on environmental and simple plant variables measured at appropriate times 
in the field, as a better approach to characterization of water-stress 
effects on photosynthesis and yield. Because stress parameters which are 
correlated with photosynthesis are most divergent at midday, seasonal 
midday stress parameters have also been correlated with final yield to 
characterize stress (Carlson et al., 1978). 
Leaf water potential and the environment 
Water potential has been used extensively as a measure of plant water 
status in field-grown soybeans (Brady et al., 1974; Sivakumar and Shaw, 
1977; Turner et al., 1978; Carlson et al., 1978; Carlson et al., 1979). 
Because solar irradiance, deficient soil moisture, and atmospheric demand 
for water are primary factors in the development of water deficits and 
low Tfi, a discussion of their interactions seems warranted. 
Diurnal variations in are known to be closely related to solar 
radiation changes over the day (Waring and Cleary, 1967; Stansell et al., 
1973; Reicosky et al., 1975; Turner et al., 1978). Recalling that 
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transpiration through open stomata is primarily controlled by the energy 
available for vaporization of water inside a leaf (Ehlig and Gardener 
1964) and that solar radiation is the main source of energy, one would 
intuitively expect transpiration rates to increase and decrease with 
diurnal changes in irradiance. Because there is an upper limit to the 
rate at which water can be taken up from the soil, i.e. when the unsatu­
rated permeability of the soil decreases more rapidly than increases in 
water-potential gradients into the plant (Lang and Gardner, 1970), tran­
spiration losses may exceed water uptake into the leaves and will 
decline. Therefore, light mediated transpiration and the inability of 
leaves to replenish water losses are Intrinsically involved in the 
development of leaf water deficits and low i|f. 
Because the ifi necessary to initiate stomatal closure and inhibit Pn 
can be reached even in a wet soil if evaporative demand is sufficient, 
many scientists have proposed that leaf water deficits result from a 
diurnal lag in uptake of water from the soil behind the transpiration of 
water vapor from the leaves (Denmead and Shaw. 1962; Shaw and Laing^ 1966; 
Slatyer, 1969; Begg and Turner, 1976; Turner et al., 1978). But this view 
has been criticized as obscuring the true physiological nature of water 
movements in plants (Jarvls, 1976). He noted that cell is In equilib­
rium with the water potential in the apoplastlc pathway (ip^) and that 
water deficits in leaf cells actually depend on moisture characteristics 
of the leaf cells, resistance to water movement from the cells, and on 
According to this theory, reductions in TJ; arise because, under steady 
state transpiration conditions, a potential difference between apoplastlc 
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water in the leaves and the soil water must exist to overcome resistances 
in flow to the leaves. As soil moisture declines, i|;^ must decline to 
maintain transpiration rates. Symplastic water potential (i|)) must then 
decline to maintain equilibrium with 
Seasonal and diurnal patterns of leaf water potential 
Because soil moisture and atmopsherlc demand interact in their effect 
on i|;, detection of seasonal changes in resulting from physiological 
changes within a plant are difficult to make. Turner et al. (1978) 
reported no differences in if taken at late flowering and grain filling 
on well-watered determinate soybeans, but evaporative demand and wind run 
were less during the late-flowering growth stage. Slvakumar and Shaw 
(1978) observed declining ip in indeterminate soybeans for both low- and 
high-stressed plants over the season. Daily environmental variables were 
not given; however, so confounding with meteorological data at different 
sample times could not be assessed. This same seasonal trend toward more 
negative ip in low- and high-stressed indeterminate soybeans tjas also 
observed in another experiment (R.L. Snyder, 1978. Yield and yield com­
ponents of corn and soybeans as influenced by late season foliar fertil­
ization and soil moisture stress. M.S. thesis. Iowa State Univ., Ames, 
Iowa. ) • 
Diurnal trends in soybean ip fall from a high value in the morning to 
a low value near midday and then rise again in the late afternoon (Turner 
et al., 1978; Hatfield and Carlson, 1979: Slvakumar and Shaw, 1979). 
Turner et al. (1978) reported that their two soybean cultlvars followed 
similar trends until late in the afternoon when one cultlvar recovered 
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more quickly. Hatfield and Carlson (3 979) reported little difference in 
diurnal trends in tjj between indeterminate soybean cultivars. Their 
measurements included various depths in the plant canopy, however, and 
cultivar differences in ip were detected in the upper stratum of the cano­
py. Sivakumar and Shaw (1979) noted interactions in diurnal ij; trends 
between vertical strata and plants at different levels of stress. All 
strata in the plant canopy dropped to similar low values of ijj in the 
high-stress treatment, but the upper strata dropped to lower values in 
the low-stress treatment. Unfortunately, only one cultivar was studied, 
so varietal differences could not be identified. 
Turgor potential and relative water content 
Turgor potential is actually a better Indicator of water stress than 
ijj, especially as related to plant growth. Water potential can be used as 
an indicator of plant water stress, however, if one assumes a lack of 
osmotic adjustment to stress (Hsiao et al., 1976). In determinate soy­
beans, this assumption may be valid (Turner et al., 1978), but possible 
osmotic adaptations by indeterminate soybeans have not been thoroughly 
investigated. 
Relative water content (RWC), originally known as relative turgidity 
(Weatherley, 1950), may also be a better indicator of plant water stress 
than ip, but RWC measurements tend to have a large residual error and it 
is difficult to detect mild stress differences (Hsiao et al., 1976). 
Recent studies have investigated P, RWC, C, and their interrelations 
as indicators of water stress (Jones and Turner, 1978; Turner et al., 
1978). 
37 
Stomatal conductance 
Stomatal resistance to vapor diffusion (R^) has been described as 
the primary rate-controlling process in the transpiration process that is 
subject to biological control (Harris, 1973). It has been characterized 
as both a regulator and a consequence of Pn and thus provides an inte­
grated measure of both plant and environmental factors affecting Pn 
(Mederski et al., 1975). With the development of the diffusive resis­
tance porometer (Kanemasu et al., 1969) and later establishment of its 
utility in field measurements (Kanemasu et al., 1973), measurements 
have grown to be a popular method of characterizing stress in the field. 
For a recent review on the theory and application of diffusive resistance 
measurements see Sivakumar and Carlson (1978). 
Stomatal closure of well-watered plants may result from low values of 
irradiance (Ehrler and van Bavel, 1967; Kanemasu and Tanner, 1969; Turner, 
1970; Turner and Begg, 1973; Mederski et al., 1975), from light extinction 
with depth in a canopy (Kanemasu and Tanner, 1969; Felch, 1970; Hatfield, 
1975; Hatfield and Carlson, 1978) or from decreased atmospheric humidity 
(Lange et al., 1971). Soybeans grown under low-stress conditions show 
large variations in net COg assimilation due to irradiance-induced changes 
in R^, but net COg assimilation converges to low values at all light levels 
with increasing water deficits (Mederski et al., 1975). Stomatal closure 
is also more responsive to decreased atmospheric humidity when soil mois­
ture is limiting (Schulze et al., 1972). 
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Results and Discussion 
Relationships between stress parameters and photosynthesis 
In order to investigate the relationships between various water-
relations parameters and Pn, measurements of SM, ir, C, and Pn were 
taken on day 70 after planting. Water potential was measured on the 
middle leaflet of a fully-expanded trifoliolate and Pn was determined on 
another leaflet on the same trifoliolate after C measurements. Measure­
ments were made on the low-stress (PO), unconditioned (P2), and precon­
ditioned (P12) stress treatments, and analyses of variance (Appendix A) 
and orthogonal comparisons of interest (Table A-1) were calculated. 
Stomatal conductance is clearly the stress parameter that is most 
closely associated with Pn, but SM and i|; also showed good correlations 
with Pn (Table 1). The only parameters that did not exhibit significant 
correlations with each other were P and ir, and since P depends on the 
difference between and it, we can see that ip has more influence on bulk-
leaf turgor differences than ir. Analysis of the treatment means (Table 2) 
revealed that cultivar differences in Pn existed and they were more 
closely related to C than to any other factor. There also seems to be 
preconditioning effects on Pn in some cultivars which probably led to 
lower correlation coefficients (Table 1). 
Because adaxial conductances have been observed to decline at higher 
than abaxial conductances (Sionit and Kramer, 1977), correlation coeffi­
cients between abaxial conductance (CAB), adaxial conductance (CAD), C, 
and Pn were computed on day 70 after planting to determine if one leaf 
surface had more influence on midday Pn than the other leaf surface. The 
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Table 1. Correlation coefficient matrix for water-relations parameters 
taken on day 70 after planting. Stress treatments include low 
stress (PO), unconditioned (P2), and preconditioned (P12) 
Correlation Coefficients 
SM IT P C Pn 
SM 1.00 0.57 0.32* 0.43 0.63 0.66 
ip 0.57 1.00 0.73 0.56 0.72 0.65 
ir 0.32* 0.73 1.00 -0.16*8 0.49 0.41 
P 0.43 0.56 -0.16*3 1.00 0.45 0.43 
C 0.63 0.72 0.49 0.45 1.00 0.83 
Pn 0.66 0.65 0.41 0.43 0.83 1.00 
'^^Significant at the 0.05 level and not significant, respectively. 
All other correlations were highly significant. 
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Table 2. Stress parameter and CO^ uptake means by cultivar on day 70 after planting 
14^0 Leaf Leaf Leaf 
Stress 2 Stomatal Water Osmotic Turgor Soil 
Cultivar Treatment Uptake Conductance Potential Potential Potential Moisture 
-2, -1 
mg dm hr —1 cm sec bars bars bars cm pot 
Hodgson PO 49.75 0.30 -14.0 -15.1 1.1 13.65 
P2 28.15 0.19 -15.1 -15.4 0.3 9.55 
P12 29.87 0.21 -15.0 -15.7 0.7 10.60 
Corsoy PO 51.50 0.29 -13.7 -15.2 1.5 14.15 
P2 14.93 0.14 -15.3 -15.7 0.5 9.03 
P12 41.95 0.22 -15.1 -16.3 1.1 9.13 
Ottilie PO 42.98 0.30 -12.4 -14.1 1.7 14.20 
P2 18.45 0.14 -15.6 -16.2 0.7 9.55 
P12 25.50 0.19 -14.5 -15.3 0.8 8.78 
Beeson PO 44.65 0.28 -13.3 -14.0 0.9 13.05 
P2 9.50 0.13 -16.1 -15.6 —0.6 8.55 
P12 18.00 0.20 -14.0 -14.0 0.0 8.70 
LSD 0.05 20.10 0.09 1.9 1.6 1.2 1.31 
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correlation coefficients are shown in Table 3 and all were highly signif­
icant. There were no obvious differences between leaf surface conduc­
tances in regard to their relationship to Fn. Total leaf C was most 
closely correlated with Pn. 
Changes in leaf water potential with time 
Water potential measurements taken during the three stress periods 
along with soil-moisture and open-pan-evaporation measurements are 
depicted in Figure 8. Arrows near the bottom of the figure indicate 
when the three stress periods ended. There was an obvious drop in ij; 
for both the low- and high-stress treatments from F1 to P2, but no 
further drop occurred after F2. After considering atmospheric demand 
which influences low-stress much more than high-stress ip, it could not 
be established that the low-stress was any lower during F2 than during 
PI, but the high-stress ip was about 3 bars lower during P2. Therefore, 
high-stress during early reproductive growth seemed to cause less midday 
reduction than high-stress during seed filling. No ir measurements were 
taken during PI, so the ij; difference could not be attributed to ir differ­
ences . 
Relationships between stomatal conductance and leaf water potential 
Intensive work has been done in growth chambers to relate C of soy­
bean leaves with ip and it has been demonstrated that a rapid decline in 
conductance occurs at some critical value of i|». Although leaf enlargement 
was inhibited at a ^ of -3 bars, Boyer (1970b) found that Pn and C were 
relatively unaffected until ijf fell to -11 bars. Below -11 bars both Fn 
and C declined rapidly until -18 bars, and little further changes in C or 
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Table 3. Correlation coefficients for adaxial conductance (CAD},, 
abaxial conductance (CAB), leaf conductance (C), and COg 
uptake (Pn) on day 70 after planting. Stress treatments 
include low stress (PO), unconditioned (P2), and precon­
ditioned (P12) 
Correlation Coefficients^ 
CAB CAD C Pn 
CAB 1.00 0.79 0.94 0.77 
CAD 0.79 1.00 0.95 0.80 
C 0.94 0.95 1.00 0.83 
Pn 0.77 0.80 0.83 1.00 
^All correlation coefficients were highly significant. 
Figure 8. Open-pan evaporation, stomatal conductance, leaf water 
potential, and soll-molsture values for low-stress and 
unconditioned high-stress treatments on each day in which 
leaf water potential and stomatal conductance were mea­
sured 
Arrows near the bottom of the graph indicate when the 
respective stress periods ended. Each leaf watar poten­
tial and stomatal conductance point represents the mean 
of 12 or more samples. 
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Pn were noted below -18 bars. Sionit and Kramer (1977) observed that 
adaxlal surfaces of soybean leaves showed decreasing C from the beginning 
of desiccation, while abaxial surfaces have little decline in C until -10 
bars. Conductances returned to prestress values within four days after 
rewatering, and no differences in response to stress of adaxlal or abaxial 
surfaces were noted with change in developmental stages. Chalk (1979) 
reported a rapid decline in C below a ^  of -7 bars. 
Field measurements of C and ij» are more difficult to interpret because 
of confounding with environmental factors. It has been suggested that the 
critical value for stomatal closure in the field should occur at more 
negative values of than in growth chambers (Turner, et al,, 1978). 
Higher light environments, a more gradual development of water deficits, 
and a diurnal development of larger gradients of ifi in actively transpiring 
plants grown in the field were suggested as possible reasons for discrep­
ancies between field-grown and chamber-grown plants. 
Several reported ranges in if; over which stomatal closure occurs in 
field Gïiviîroîuûsnts are —15 to —17 bairs (Tuîriieï et al,, 1978), —12 to —lo 
bars (Carlson et al., 1979), and -6 to -12 bars (Sivakumar and Shaw, 1977). 
The critical values of \p over which stomatal closure occurred in this 
experiment were between -13.5 and -15,5 bars (Figure 8). This critical 
range is quite obvious in the comparison of values for low- and high-
stress during P2 and P3. Stomatal conductances were all near 0,30 cm 
sec ^ for the low-stress treatment and were all around 0.15 cm sec ^ for 
the high-stress treatment. Therefore, the critical value for stomatal 
closure must have occurred between the high- and low-stress ip values. 
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Cultivar variations in Pn at different water-stress levels have been 
related to differences in C rather than jp (Turner et al., 1978). Stomatal 
closure occurred at the same value of ip in both cultivars studied, and 
their response gives credence to the theory that guard and subsidiary 
cell turgor relationships are more important in stomatal movements than 
bulk-leaf In this study, cultivar differences were evident for both 
ij) and C during P2 (Figure 9), but general trends were similar to those 
averaged over cultivars (Figure 8) . Critical values for stomatal 
closure were more precisely indicated for the earlier-maturing cultivars 
(Hodgson and Corsoy) but the later maturing cultivars (Ottilie 7270 and 
Beeson) had a less narrow critical range of if». The early- and late-
maturing cultivars expressed critical ip ranges of about -14 to -15 bars 
and -12.5 to —15.5 bars, respectively. Hodgson did seem to have slightly 
higher C values than Corsoy for the high-stress treatment. 
Figure 9, Leaf water potential and stomatal conductance means by 
cultivar during the three stress periods 
Arrows near the bottom of the graph indicate when the 
respective stress periods ended. 
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PHYSIOLOGICAL RESPONSE TO PRECONDITIONING 
Literature Review 
Total leaf area and Pn per unit leaf area are the two major factors 
that determine a plant's photosynthetic capability and its ability to 
produce dry matter. Water stress after flowering in determinate species 
should have little effect on leaf area but could severely affect Pn, 
whereas stress during the reproductive growth of indeterminate soybeans 
may inhibit both leaf-area production and Pn. Complicated interactions 
between photosynthetic inhibition and leaf-area reductions in indeter­
minate soybeans makes quantitative assessment of stress induced dry-matter 
losses difficult. In addition, preconditioning of plants to better with­
stand later stress may further complicate these interactions. 
Stomatal conductance and Pn are primarily controlled by turgor rela­
tionships between the guard and subsidiary cells in the leaf. When guard 
cells have adequate turgor the stomata will open and COg can be absorbed 
by the leaf. Under desiccating conditions, however, guard-cell turgor 
declines, stomata close, arid COg uptake is inhibited. In many spccics, 
guard-cell turgor is closely related to bulk-leaf turgor, and leaf turgor 
potential can give a good characterization of leaf water status and photo­
synthetic capability. Assuming no ir changes, ij; is also closely related to 
P (Hsiao et al., 1976) and has been used extensively as an indicator of 
leaf water status. The relationships between ip, P, and ir are given in 
Eq. 16. 
i(/ = IT + P (16) 
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Because C is more directly dependent on P than on i|/, there are two 
possible ways in which. C can be maintained at a higher level through 
preconditioning effects on bulk leaf potential relationships. Water 
potential could be maintained at a higher value during later stress, l.e, 
avoidance of low ip ,  or u could be reduced, i.e. toleration of low rp .  
Both adaptations might result in higher P and greater C. 
Boyer and McPherson (1975) studied stress preconditioning effects on 
corn and found that preconditioned plants had an enhanced ability to avoid 
low 4» rather than tolerate it. Preconditioned corn maintained higher il» 
and photosynthetlc rates for a longer time under desiccation than did 
unconditioned plants. The preconditioning was accomplished by growing 
plants in a less humid atmosphere during vegetative growth, however, and 
other forms of preconditioning may increase a plant's ability to tolerate 
water stress as well as to avoid it. Preconditioning during reproductive 
rather than vegetative growth may also have a much different effect on 
plant adaptations, and therefore, preconditioning effects on indeterminate 
oCjTk/^clTIo a IT 3 ^a.Kv3jujr wC m3 mCTTO CGulp JL ^ Oir kiSuSîTîujLTittuo op«CjL«o» 
Studies on sorghum (McCree, 1974; Jones and Turner, 1978) and on 
cotton (Brown et al., 1976) have shown that preconditioned plants had an 
enhanced ability to maintain higher rates of C by tolerating low t|;, A • 
lowering of it (osmotic adaptation), either as a result of solute accumula­
tion by leaf cells or through changes in cell-wall elasticity (Weatherley, 
1970), was implicated as the cause of the observed relationship between C 
and ip. Wenkert et al. (1978) reported a seasonal decline in maximum ir 
over a two month period in the growth of soybeans and also measured 
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diurnal ir changes as large as turgor changes. Turner et al. (1978) found 
no evidence for active osmotic adaptations, i.e. net solute increase, 
either diurnally or in response to preconditioning in determinate soybean 
cultivars. Indeterminate soybeans may exhibit a different response to 
preconditioning, however, and more intense preconditioning treatments may 
result in more distinct treatment effects, so this experiment was designed 
to investigate the possibility and causes of C enhancement in indeter­
minate soybeans that had been subjected to previous periods of intense 
stress. 
Results and Discussion 
Water-relations parameters were measured on three days during period 
2 and on one day during period 3. Meteorological observations for the 
four days are shown in Figure 10. Analyses of variance and orthogonal 
comparisons of interest were computed for each parameter and are given 
in Appendix A. In order to evaluate whether preconditioning enhances 
stomatal conductance (C) and whether the ability to avoid or tolerate low 
water potential (ij;) is the cause of that enhancement, we must first 
establish that environmental conditions are similar for the preconditioned 
and unconditioned treatments. 
Because measurements were taken on preconditioned and unconditioned 
plants under the same atmospheric conditions (Figure 10) and no differ­
ences in soil moisture (SM) were detected on any of the four days 
(Appendix A), environmental conditions were similar for preconditioned and 
unconditioned plants. Stomatal conductance values were plotted against 
leaf rp on each of the four days (Figure 11) and orthogonal contrasts 
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Figure 11. Plots of stomatal conductance versus leaf water potential 
on days 70, 71, 72, and 80 after planting 
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(Appendix A) revealed higher C for preconditioned plants on days 70, 72, 
and 80 at the 0.10, 0.05, and 0.01 levels of significance, respectively. 
Therefore, stress preconditioning in indeterminate soybeans does seem to 
enhance midday stomatal conductances. 
If the enhanced stomatal conductance of preconditioned soybeans 
results from better toleration of low then they must have greater P 
than unconditioned plants at the same value of ip. In order to have 
greater P, leaf-cell osmotic potential (ir) must be more negative for the 
preconditioned plants. In this experiment, however, the preconditioned 
soybeans had either the same or higher values of IT than unconditioned 
plants (Figure 12), so the enhanced stomatal conductance was not due to a 
better ability to tolerate low water potential. 
If the preconditioned soybeans possess greater ability to avoid low 
we should be able to detect higher values of ip for° preconditioned 
plants on days when C was greater. Plots of means and curvilinear esti­
mates from sample points of the relationship between C and ifi are shown in 
Figure 13- Water potential values were no higher for preconditioned 
plants, except on days 70 and 71 at the 0.10 level of significance, 
whereas C values were higher for preconditioned plants on days 72 and 80. 
Therefore, unless our tests of hypotheses were not powerful enough to 
detect differences in ijj, which was unlikely, the enhanced C cannot be 
attributed to avoidance of low ij/. 
Because the enhanced C of preconditioned plants could not be attrib­
uted to either avoidance or toleration of low it must result from 
preconditioning effects on some other factor or factors. Seemingly, 
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Figure 12. Leaf osmotic potentials for preconditioned and unconditioned 
plants on days 70, 71, 72, and 80 after planting 
Each point represents the mean of 16 or 32 samples. On day 
72, equality of means was rejected at the 0.05 level of 
significance. 
Figure 13. Stomacal conductance versus leaf water potential means on 
days 70, 71, 72, and 80 after planting 
Each point represents the mean of 16 or 32 samples. Lines 
were estimated from sample data points on Figure 11. 
f, ** Preconditioned and unconditioned equality of stomatal con-
ductsncs WUS rCjcctcd at the C.IC, 0.03, 0*01 IGVCIS of sigKiificance, 
respectively. 
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adaptations in stomatal guard and subsidiary cells, which are known to 
have turgor processes largely independent of changes in bulk leaf turgor 
in corn, sorghum, and tobacco (Turner, 1974) and in tobacco and vicia 
faba (Fisher, 1970) may be implicated as the cause of C enhancement, but 
no supporting data are available for soybeans. 
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WATER DEFICITS AND YIELD 
Literature Review 
Overview 
Important technological advances in crop production have greatly 
increased the yield of soybeans over recent decades. This period has 
been characterized by unusually favorable climate, however, and more 
inhospitable fluctuations in climate are possible in the future. After 
accounting for technological advances over a 38 year period, Thompson 
(1970) reported the highest soybean yields in the upper midwest were 
associated with above normal precipitation during July and August. There­
fore, the lack of adequate precipitation during reproductive growth, 
which coincides with July and August, was implicated as the limiting 
yield factor in drier years. Because of these observations, research on 
soybean yield characteristic and cultivar responses to water stress 
seems warranted. 
Water-deficit influences on plant growth and yield have been exten­
sively studied on many species grown in the field, but mnch of the infor­
mation available in the literature deals with either internal water status 
or with growth rates. Little information is available on indeterminate 
soybeans in regard to cultivar seed-yield differences in response to water 
stress. There have also been few studies on yield-characteristic distri­
butions within soybean canopies when subjected to water stress. Because 
the ultimate goal of water-stress studies is to minimize yield reductions, 
identifying those plant parts most sensitive to stress and those cultivars 
which are less sensitive to stress is a logical place to start in achieve-
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ment of this goal, 
Cultlvar variations 
Mederskl and Jeffers (1973) studied eight cultivars of indeterminate 
soybeans within each of four different maturity groups, grown under well-
watered and suboptimal moisture conditions, to identify varietal differ­
ences in response to water stress. Under deficient moisture conditions, 
yield variation between cultivars was small, whereas large yield varia­
tions between cultivars were evident under adequate moisture conditions. 
A cultlvar by stress level interaction was observed by Mederskl and 
Jeffers (1973) and also in an earlier experiment on indeterminate soybeans 
by Schwab et al. (1958). Because yield differences between cultivars 
grown under high-stress conditions were small, the interaction between 
cultivars and stress levels was attributed to large differences in the 
ability of cultivars to produce greater yield under low-rstress conditions. 
Those cultivars that exhibited the greatest drop in yield due to stress 
had greater low-stress yields and even had somewhat greater high-stress 
yields than those cultivars deemed less susceptable to stress. 
Because high-stress yields were similar and low-stress yields were 
variable, Mederskl and Jeffers (1973) suggested that soybean breeding 
trials be conducted under low-stress conditions to permit maximum 
genotypic expression. More fluctuations in climate are likely in the 
future, however, so we must also be concerned with drought and increasing 
the yield potential of soybeans grown under high-stress conditions. 
Severity of stress, timing of stress, stress effects on yield distribu­
tions, and the effects of stress on physiological and morphological 
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characteristics of various cultivars need to be carefully examined in 
order to better document cultivar variations and improve on high-stress 
yields. 
Preconditioning and adaptation 
Recently, there has been increased interest in plant preconditioning 
for later stress. Most studies have been predominantly interested in 
identification of physiological adaptations (Acevedo et al., 1979; Turner 
et al., 1978; Jones and Turner, 1978), but only Boyer and McPherson 
(1975) have given detailed reports on yield responses of preconditioned 
plants. Boyer and McPherson (1975) demonstrated that corn grain yields 
were in proportion to total dry-matter yields; regardless of stress 
history. Preconditioning allowed plants to produce more total dry weight 
and yield than unconditioned plants. 
Constable and Hearn (1978) reported soybean cultivar differences in 
contributions of stem storage to seed yield for various water «^stress 
treatments. They speculated that one of their cultivars (Ruse) was 
completely source-limited, whereas the other cultivar (Bragg) was sink-
limited, except when it became source-limited under high-stress conditions. 
When subjected to stress after flowering, preconditioned Bragg soybeans 
had 8% less seed yield than the unconditioned plants, whereas Ruse soy­
beans had similar yield for the unconditioned and preconditioned plants. 
These yield aspects were not discussed and appropriate statistics were 
not provided, but the means do indicate a possible cultivar yield inter­
action with preconditioning which may be related to source-sink relation­
ships. 
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Results and Discussion 
Overview 
Water stress is known to have deleterious effects on soybean yields, 
but there is a paucity of information on where in the plant canopy these 
yield reductions occur. If it is possible to identify plant parts that 
are more sensitive to water stress, perhaps plants could be developed 
with more resistance to stress through genetics or crop management. In 
this study, yield characteristics, i.e. seed yield, node number, pod num­
ber, and seed number, were separated into branch and stem contributions 
at harvest. Stems were also harvested in 25-cm sections to investigate 
stress effects on yield characteristics in vertical strata, and whole-
plant yield was calculated by summing branch and stem contributions. 
Analyses of variance were separately computed for each yield charac­
teristic on the branches, stems, and whole plant to identify cultivar and 
stress-treatment differences in yield characteristics (Appendix B). 
Because the 25-cm sections of stem were not randomized, an analysis of 
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gate stratum responses (Morrison, 1976). Vertical-stratum interactions 
with cultivars and stress treatments were the primary interest in this 
study, however, and use of conservative degrees of freedom, with the 
large number of replications, would have minimal effect on tests for 
strata interactions, so conservative tests were not considered. 
Variations in yield expression were expected between early- and late-
maturing cultivars and between several of the stress treatments. To 
investigate these hypothesized variations, comparisons of interest were 
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calculated from the parameter means and analyses of variance (Steel and 
Torrie, 1960). These comparisons are given in Table B.l. and shall be 
referenced by number, i.e. CI, C2, etc., in the following discussion. 
Cultivar variations over stress treatments 
A comparison of late- versus early-maturing cultivar s showed that the 
late-maturing cultivars had an 11% greater seed yield, and that the yield 
advantage resulted from production of heavier seeds (Table 4). The late-
maturing cultivars had 14% more nodes but also had 16% fewer pods and 10% 
fewer seeds. Because branch yields were similar for the two maturity 
groups, greater whole-plant yield by the late-maturing cultivars resulted 
from 20% greater yield production on their stems (Table 4). 
Although no differences in total seed yields were observed between 
Hodgson and Corsoy, Hodgson had 10% less seed yield on its stems and 33% 
greater seed yield on its branches (Table 4). Hodgson stems had fewer 
nodes, pods, and seeds and a resultant lower seed yield than Corsoy stems. 
Corsoy had more pods and seeds per branch and had 4% heavier seeds on its 
branches, so the yield advantage on Hodgson branches resulted from more 
branches produced. 
No differences in whole-plant yields were observed between Ottilie 
7270 and Beeson (Table 4). Beeson had 19% greater seed yield on its 
branches than Ottilie 7270, however, and the yield advantage was evidently 
a consequence of its production of 17% more branches rather than other 
yield factors (Table 4). 
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Table 4. Yield characteristic distributions on the stems, branches, and 
whole plant for comparisons CI (Hodgson and Corsoy versus 
Ottilie 7270 and Beeson), C2 (Hodgson versus Corsoy), and C3 
(Ottilie 7270 versus Beeson) 
MEANS PER PLANT 
Plant Seed Nodes or 
Partition Cultivars Yield Branches Pods Seeds 
g. No. No. No . 
WHOLE Early 15.10 35.54 78. 44 
Late 16.78 - 29.80 70. 41 
Comparison Significance ** - ** ** 
STEM Early 10.37 14.15 23.08 53. 31 
Late 12.50 16.13 21.03 51. 66 
Comparison Significance ** ** ** NS 
BRANCH Early 4.62 2.36 12.46 25. 13 
Late 4.29 2.01 8.78 18. 75 
Comparison Significance NS ** ** ** 
WHOLE Hodgson 15.30 - 34.68 79.54 
Corsoy 14.89 - 36.40 77.34 
Comparison Significance NS - * NS 
STEM Hodgson 9.81 13.27 20.60 50.35 
Corsoy 10.92 15.03 25.56 56.26 
Comparison Significance ** ** ** ** 
BRANCH Hodgson 5.28 2.76 14.08 29.18 
Corsoy 3.96 1.95 10.84 21.08 
Comparison Significance ** ** ** ** 
Significant at the 0.05 and 0.01 levels, respectively. 
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Table 4. (Continued) 
MEANS PER PLANT 
Plant 
Partition Cultivars 
Seed 
Yield 
Nodes or 
Branches Pods Seeds 
g. No. No. No. 
WHOLE Ottilie 
Beeson 
Comparison Significance 
16.39 
17.17 
NS 
28.21 
31.38 
** 
68.81 
72.01 
NS 
STEM Ottilie 12.47 16.30 20.28 51.75 
Beeson 12.52 15.96 21.77 51.57 
Comparison Significance NS NS * NS 
BRANCH Ottilie 
Beeson 
3.92 
4.65 
1.85 
2.17 
7.93 
9.62 
17.06 
20.43 
Comparison Significance * 
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Stress treatment variations over cultlvars 
Soybean receiving the low-stress treatment had 5% more nodes, 20% 
more pods, 23% more seeds, and a resultant 17% greater seed yield than 
did those plants receiving stress during at least one stress period 
(Table 5). The whole-plant yield reduction was a reflection of similar 
trends on both the stems and branches (Table 5). 
Soybeans stressed only during period 1 had the same yield as those 
plants receiving single stresses during period 2 or 3 (Table 5). Stress 
during period 1 led to 2% fewer nodes, 11% fewer pods, 9% fewer seeds, 
but heavier seed production by the plants stressed during period 1 compen­
sated for reductions in other yield factors, on both the stems and 
branches. 
Although plants stressed only during period 3 had 9% more pods, they 
also had 13% fewer seeds and had similar total yield as those plants 
stressed only during period 2 (Table 5). As expected, the earlier stress 
led to greater reductions in pod number and less reductions in seed num-
stress effects. Whole-plant yield characteristics were a reflection of 
trends on both the stems and branches (Table 5). 
Water stress reduces yield relative to unstressed plants, but the 
mechanisms by which yield is reduced depend on timing, intensity of 
stress, and on stress history. Preconditioned (P12) plants had reduced 
node number, pod number and seed number relative to unconditioned (P2) 
plants by 3%, 14%, and 13%, respectively (Table 6). The preconditioned 
treatment did show some yield compensation by producing heavier seeds. 
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Table 5. Yield characteristic distributions on the stems, branches, and 
whole plant for comparisons C4 (Low Stress versus High Stress^), 
C9 (PI versus P2 and P3), and CIO (P2 versus P3) 
MEANS PER PLANT 
Plant 
Partition 
Stress 
Period 
Seed 
Yield 
Nodes or 
Branches Pods Seeds 
g. No. No. No. 
WHOLE Low Stress 
High Stress 
Comparison Significance 
18.19 
15.49 
** 
37.83 
31.64 
** 
88.07 
71.70 
** 
STEM Low Stress 12.69 15.75 25.21 60.58 
High Stress 11.18 15.02 21.42 50.86 
Comparison Significance ** ** ** ** 
BRANCH Low Stress 
High Stress 
Comparison Significance 
5.18 
4.30 
** 
2.32 
2.16 
NS 
12.61 
10.21 
** 
27.49 
20.83 
** 
WHOLE PI 
P2 and P3 
15.99 
16.05 
31.32 
35.06 
71.88 
79.16 
STEM PI 11.63 14.96 21.57 51.44 
P2 and P3 11.35 15.28 23.36 55.16 
Comparison Significance NS ** ** ** 
BRANCH PI 
P2 and P3 
4.34 
4.70 
2.05 
2.20  
9.74 
11.70 
20.40 
24.00 
Comparison Significance NS NS 
^High Stress is the mean of all treatments receiving stress during 
at least one period and Low Stress is treatment PO. 
* ** 
Significant at the 0.05 and 0.01 levels, respectively. 
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Table 5. (Continued) 
MEANS PER PLANT 
Plant 
Partition 
Stress 
Period 
Seed 
Yield 
Nodes or 
Branches Pods Seeds 
g. No. No. No. 
WHOLE P2 16.16 
P3 15.93 
Comparison Significance NS 
33.56 
36.55 
75.75 
65.55 
** 
STEM P2 11.59 15.28 22.75 53.89 
P3 11.10 15.28 23.96 47.32 
Comparison Significance NS NS * * 
BRANCH P2 
P3 
4.57 
4.83 
2.10 
2.29 
10.81 
12.58 
21.86 
18.23 
Comparison Significance NS NS ** ** 
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Table 6. Yield characteristic distributions on the stems, branches, and 
whole plant for comparisons C7 (P2 versus P12) and C8 (P3 
versus P123) 
MEANS PER PLANT 
Plant Stress Seed Nodes or 
Partition Period Yield Branches Pods Seeds 
g. No. No. No. 
WHOLE P2 16.16 - 33.56 75.75 
P12 15.01 - 28.89 65.55 
Comparison Significance * - ** 
Comparison Significance * NS ** 
Comparison Significance ** - ** 
Comparison Significance * ** 
Comparison Significance ** NS ** 
** 
STEM P2 11.59 15.28 22.75 53.89 
P12 11.05 14.82 19.91 47.32 
Comparison Significance NS * ** ** 
BRANCH P2 4.57 2.10 10.81 21.86 
P12 3.95 2.15 8.98 18.23 
** 
WHOLE P3 15.93 - 36.55 82.57 
P123 14.35 - 27.86 62.73 
** 
STEM P3 11.10 15.28 23.96 56.42 
P123 10.52 14.75 18.90 45.24 
** ** 
BRANCH P3 4.83 2.29 12.58 26.14 
P123 3.83 2.18 8.96 17.50 
** 
Significant at the 0.05 and 0.01 levels, respectively. 
72 
however, and the net result was only a 7% yield advantage for the uncon­
ditioned plants. Heavier seed production by preconditioned soybeans 
compensated for reductions in other yield factors on the stems but not 
completely on the branches (Table 6). This observation gives evidence 
that earlier stress has a more deleterious effect on branch than on 
stem yield compensations. 
Whole-plant yields of preconditioned (P123) soybeans were 10% less 
than unconditioned (P3) plants (Table 6). Node number, pod number, and 
seed number were 3%, 24%, and 24% lower, respectively, for the precon­
ditioned plants. The preconditioned soybeans did have much heavier seeds, 
but they were not heavy enough to compensate for the large reductions in 
other yield factors. 
Cultivar by stress treatment interactions 
Late-maturing cultivars, Ottilie 7270 and Beeson, were more sensi­
tive to stress during P3 than during P2, while early-maturing cultivars, 
Hodgson and Corsoy, proved to be more sensitive to stress during P2 
(Table 7). Greater reductions in numbers of pods and seeds occurred in 
P2 than in P3 for both the early- and late-maturing cultivars, but stress 
during P3 had less effect on seed weight of the early-maturing cultivars, 
which were in growth stage R6 (full seed), than on the late-maturing culti­
vars, which were in growth stage R5 (beginning seed). Therefore, the 
yield interaction resulted from different effects on seed weight. 
Because the absolute magnitude of a given percentage yield reduction 
is greater for a cultivar with a greater yield potential, inherent varia­
tions in cultivar yield potentials make interpretation of cultivar by 
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Table 7. Yield characteristic distributions on the stems, branches^ and 
whole plant for interaction comparisons Cl*C10 (early- versus 
late-maturing for P2 versus P3) and C2*C10 (Hodgson versus 
Corsoy for P2 versus P3) 
MEANS PER PLANT 
Plant Stress Seed Nodes or 
Partition Cultivar Treatment Yield Branches Pods Seeds 
g. No. No. No. 
WHOLE Hodgson-Corsoy P2 14.76 36.33 79.37 
P3 15.50 - 39.81 88.26 
Ot t ilie-Beeson P2 17.56 —• 30.78 71.06 
P3 16.37 - 33.29 76.88 
Interaction Significance * NS NS 
STEM Hodgson-Corsoy P2 10.17 14.25 23.59 54.40 
P3 10.51 14.21 25.49 58.14 
Ottilie-Beeson P2 13.01 16.30 21.91 53.38 
P3 11.70 16.36 22.94 54.72 
Interaction Significance * NS NS NS 
BRANCH Hodgson-Corsoy P2 4.59 2.29 12.75 24.97 
P3 5.00 2.41 14.32 30.13 
Ottilie-Beeson P2 4.56 1.92 8.88 18.76 
P3 4.67 2.18 10.85 22.16 
Interaction Significance * NS NS NS 
WHOLE Hodgson P2 14.51 - 34.89 81.54 
P3 16.48 - 40.13 92.82 
Corsoy P2 15.00 - 37.77 77.19 
P3 14.52 - 39.48 83.70 
Interaction Significance * ** NS 
' Significant at the 0.05 and 0.01 levels, respectively. 
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Table 7, (Continued) 
MEAN PER PLANT 
Plant Stress Seed Nodes or 
Partition Cultivar Treatment Yield Branches Pods Seeds 
g. No. No. No. 
STEM Hodgson P2 9.58 13.27 21.16 53.49 
P3 10.20 13.48 23.38 55.35 
Corsoy P2 10.75 15.24 26.02 55.30 
P3 10.81 14.93 27.60 60.92 
Interaction Significance NS NS NS NS 
BRANCH Hodgson P2 4.93 2.66 13.74 28.04 
P3 6.28 2.95 16.75 37.47 
Corsoy P2 4.25 1.91 11.75 21.89 
P3 3.72 1.87 11.88 22.78 
Interaction Significance * NS NS * 
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stress interactions in terms of absolute yields questionable (Mederski 
and Jeffers, 1973). Therefore, yields were expressed as a percentage 
of the low-stress yield to normalize yield potential variations and our 
contrasts were retested. The comparison interaction C1*C10 was again 
found to be significant (Table B.8.), and the early-maturing cultivars 
seem to be less sensitive to P3 stress in spite of inherent yield poten­
tial differences (Figure 14a). 
The early-maturing cultivars also exhibited a yield interaction for 
stress during P2 and P3, but the reasons are more complicated than for 
early- versus late-maturing cultivars. Hodgson had 14% greater yield for 
P3 than for ^ 2 stress because of differences in pod number, whereas 
Corsoy had 3% less yield for P3 because its P2-stressed plants compen­
sated for fewer pods and seeds by producing heavier seeds (Table 7). 
Because there were no significant interactions for yield or yield factors 
on the stems, it is evident that the whole—plant interactions were pri­
marily a reflection of branch rather than stem yield effects. 
Heavier seeds result from réductions in pod and seed riumber but it 
is very difficult to determine whether responses of a given cultivar to 
stress during a particular growth period are the result of sensitivity 
to pod and seed production or are the result of more or less ability to 
later compensate through heavier seeds. The early-maturing cultivars 
were at approximately the same stages of development during the various 
stress periods, however, so variations in response were related to 
specific cultivar sensitivity rather than stress timing. Yields normal­
ized to the low-stress treatment also showed a significant C2*C10 inter-
Figure 14. Normalized yields (% of low-stress treatment) for 
(a) early-versus late-maturing cultivars and (b) Hodgson 
versus Corsoy to illustrate the difference between P2 
and P3 treatments 
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action for the early-maturing cultivars, so Inherent differences In 
yield potential did not cause the observed Interaction (Figure 14b). 
Corsoy had 13% less and Hodgson had 4% greater yield for precon­
ditioned (P12) than for unconditioned (P2) plants (Table 8). Because 
numbers of pods and seeds were less for preconditioned than for uncon­
ditioned plants, Hodgson soybeans had better ability to compensate for 
early yield losses through heavier seed production than Corsoy. Most of 
the heavier-seed compensation for reduced pod and seed numbers by 
Hodgson occurred on the branches where the preconditioned plants had 13% 
greater yield than the unconditioned plants (Table 8). Corsoy did not 
exhibit seed-weight compensation by the preconditioned plants on the 
branches, stems, or whole plants. Percentage yields, normalized to no-
stress yields, also showed a significant C2*C7 interaction, and hence, 
the interaction was not a result of yield potential differences between 
cultivars (Figure 15a). 
Hodgson had 21% less seed yield for preconditioned (P123) than for 
unconditioned (P3) plants, whereas Corsoy had only 7% less yield for the 
preconditioned plants (Table 8). These yield variations resulted from 
differences in stress effects on pod numbers and because of Hodgson's 
lowered sensitivity to reductions in seed weight during P3 stress. There 
were no interactions for yield factors on the stems but there were on 
the branches. Stress during P3 had very little effect on yield factors 
of unconditioned Hodgson branches, whereas seed number cuts led to a 
much greater yield reduction on the unconditioned Corsoy branches (Table 
8). Differences in yield potential between cultivars did not lead to the 
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Table 8, Yield characteristic distributions on the stems, branches, and 
whole plant for Interaction comparisons C2*C7 (Hodgson versus 
Corsoy for P2 versus P12) and C2*C8 (Hodgson versus Corsoy for 
P3 versus P123) 
MEANS PER PLANT 
Plant Stress Seed Nodes or 
Partition Cultivar Treatment Yield Branches Pods Seeds 
g. No. No. No. 
WHOLE Hodgson P2 14.51 — 34.89 81.54 
P12 15.04 - 31.50 71.80 
Corsoy P2 15.00 — 37.77 77.19 
P12 13.25 - 31.95 67.41 
Interaction Significance * - ** NS 
STEM Hodgson P2 9.58 13.27 21.16 53.49 
P12 9.47 13.06 18.45 44.85 
Corsoy P2 10.75 15.24 26.02 55.30 
P12 9.96 14.54 27.75 50.25 
Interaction Significance NS NS NS NS 
BRANCH Hodgson P2 4.93 2.66 13.74 28.04 
P12 5.57 2.92 13.05 26.95 
Corsoy P2 4.25 1.91 11.75 21,89 
P12 3.29 1.89 9.20 17.16 
Interaction Significance * NS NS NS 
WHOLE Hodgson P3 16.48 40.13 92.85 
P123 12.99 
- -
28.76 65.30 
Corsoy P3 14.52 — 39.48 83.70 
P123 13.53 
-
30.32 66.23 
Interaction Significance * - ** NS 
' Significant at the 0.05 and 0.01 levels, respectively. 
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Table 8. (Continued) 
MEANS PER PLANT 
Plant 
Partition Cultivar 
Stress 
Treatment 
Seed 
Yield 
Nodes or 
Branches Pods Seeds 
g. No. No. No. 
STEM Hodgson P3 
P123 
10.20 
8.57 
13.48 
12.96 
23.38 
17.03 
55.35 
42.81 
Corsoy P3 
P123 
10.81 
10.17 
14.93 
14.80 
27.60 
21.93 
60.92 
49.55 
Interaction Significance NS NS NS NS 
BRANCH Hodgson P3 
P123 
6.28 
4.42 
2.95 
2.65 
16.75 
11.73 
37.47 
22.49 
Corsoy P3 
P123 
3.72 
3.36 
1.87 
1.95 
11.88 
8.39 
22.78 
16.68 
Interaction Significance * NS NS * 
Figure 15. Normalized yields i% of low-stress treatment) for Hodgson 
and Corsoy to illustrate the differences between stress 
treatments (a) P2 and P12 and (b) P3 and P123 
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observed interaction, since yields expressed as a percentage of low-
stress yields (Figure 15b) also showed a significant interaction (Table 
B.8.). 
Strata interactions on the stems 
Analyses of variance for yield characteristics in vertical strata on 
the stems indicated numerous interactions with cultivars and stress 
treatments (Appendix B). Although variations in vertical strata were 
detected, the differences were quite small relative to branch effects 
in any given stratum, but will be discussed for completeness. 
Cultivar by strata interactions are illustrated in Figure 16. Late-
maturing cultivars had yield similar to that of the early-maturing culti­
vars in all but the middle stratum which had 35% greater yield. Corsoy 
had 12% greater seed yield than Hodgson in the upper two strata and had 
similar yield in the rest of the canopy. Beeson produced 25% greater and 
37% less yield than Octilie 7270 on the upper three and lower two strata, 
respectively. Yield characteristic variations that led to the observed 
yield differences are given in Table 9. 
In general, a longer duration of stress seems to reduce the seed 
yield in upper strata more than limited amounts of stress. The compari­
son between the low-stress treatment and the mean of high-stress treat­
ments showed that stressed plants had 14% less seed yield in the upper 
three strata (Figure 17a). Most differences can be accounted for by 
reduced node numbers in stratum 5 and fewer pods per node in strata 3 
and 4 (Table 10). 
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LATE 
3 
2 
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Figure 16. Cultivar by strata «tern-yield interactions 
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Table 9, Yield characteristics for vertical strata differences on the 
stems to show cultivar comparisons 
Cultivar Means 
Yield 
racteristic Stratum Early^ Late Hodgson Corsoy Ottilie Beeson 
Node 1 5.16 4.86 4.71 5.60 5.56 4.15 
Number 2 3.21 4.04 3.24 3.17 4.10 3.98 
3 2.43 2.94 2.49 2.36 2.81 3.06 
4 3.05 3.28 2.83 3.26 3.10 3.45 
5 0.31 1.03 0.00 0.62 0.73 1.32 
Pod 1 0.62 0.48 0.33 0.90 0.85 0.11 
Number 2 7.77 6.53 7.67 7.86 7.52 5.54 
3 7.44 7.19 6.99 7.88 5.91 8.47 
4 6.68 5.61 5.61 7.74 5.09 6.13 
5 0.59 1.22 0.00 1.17 0.92 1.52 
Seed 1 1.21 0.99 0.63 1.79 1.91 0.07 
Number 2 18.06 16.00 19.06 17.05 19.02 12.97 
3 16.86 18.06 16.60 17.11 15.86 20.26 
4 15.88 13.78 14.05 17.71 12.78 14.78 
5 1.30 2.84 0,00 2.60 2.18 3.49 
lOO'-Seed 1 16,77 21.18 16.40 16.90 21.21 20.23 
Weight (g) 2 18.58 23.82 18,54 18.63 23.76 23.92 
3 20.19 25.61 20.32 20.07 25.82 25.44 
4 19.94 23.65 19.91 19.96 23.52 23.75 
5 18.01 20.90 - 18.01 20.41 21.25 
Seeds/Pod 1 1.95 2.06 1,91 1.99 2.25 0.64 
(No.) 2 2.32 2.45 2.49 2.17 2.53 2.34 
3 2.27 2.51 2,37 2.17 2.68 2.39 
4 2.38 2.46 2.50 2.29 2.51 2.41 
5 2.20 2.33 — 2.22 2,37 2.30 
Pods/Node 1 0.12 0.10 0.07 0.16 0,15 0.03 
(No.) 2 2.42 1.62 2,37 2.48 1.83 1.39 
3 3.06 2.45 2.81 3.34 2.10 2.77 
4 2.19 1.71 1.98 2.37 1.64 1.78 
5 1.90 1.18 1.89 1.26 1.15 
^Early'-maturing cultivars are Hodgson and Corsoy, and late-maturing 
cultivars are Ottilie 7270 and Beeson. 
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Figure 17. Stress treatment by strata stem-yield interactions 
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Table 10. Yield characteristics for vertical strata differences on the 
stems to show various treatment comparisons 
Treatment Means 
Yield High 
Characteristic Stratum PO Stress^ P2 P12 P3 P123 
Node 1 5.09 5.00 5.09 4.95 4.86 5.11 
Number 2 3.59 3.62 3.56 3.62 3.70 3.60 
3 2.75 2.68 2.72 2.70 2.62 2.70 
4 3.09 3.14 3.14 3.08 3.16 3.07 
5 1.14 0.56 0.78 0.40 0.93 0.27 
Pod 1 0.61 0.54 0.56 0.46 0.57 0.48 
Number 2 7.83 6.97 7.04 6.88 7.56 6.15 
3 8.07 7.15 7.69 6.72 7.57 6.70 
4 6.77 5.92 6.36 5.33 6.63 5.25 
5 1.57 0.74 1.09 0.47 1.36 0.31 
Seed 1 1.35 1.12 1.10 1.23 1.09 0.83 
Number 2 18.74 16.56 16.98 15.84 17.90 14.87 
3 19.44 17.02 18.41 15.94 17.77 15.95 
4 16.48 14.25 14.93 12.94 16.22 12.88 
5 3.77 1.66 2.47 1.14 2.87 0.71 
100-Seed 1 17.78 17.86 19.09 14.63 17.43 20.48 
Weight (g) 2 19.96 21.26 20.38 22.92 19.05 22.86 
3 22.02 23.15 22.71 24.72 21.05 24.64 
4 21.42 21.68 21.57 22.95 19.61 22.28 
5 19.63 19.88 21.05 21.05 17.42 22.54 
Seeds/Pods 1 2.21 2.07 1.96 2.67 1.91 1.73 
(No.) 2 2.39 2.38 2.41 2.30 2.73 2.42 
3 2.41 2,38 2.39 2.37 2.35 2.38 
4 2.43 2.41 2.35 2.43 2.45 2.45 
5 2.40 2.24 2.27 2.43 2.11 2.29 
Pods/Node 1 0.12 0.11 0.11 0.09 0.12 0.09 
(No.) 2 2.18 1.93 1.98 1.90 2.04 1.71 
3 2.93 2.68 2.83 2.49 2.89 2.48 
4 2.19 1.89 2.03 1.73 2.10 1.71 
5 1.38 1.32 1.40 1.18 1.46 1.15 
^ High stress includes all treatments but PO. 
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Preconditioned treatment (P12) had 8% less yield In the upper three 
strata than did stress during P2 alone (Figure 17b). These differences 
resulted from greater reductions In node number and pods per node In the 
upper three strata for the P12 treatments (Table 10). There was some 
compensation, through heavier seed production, for the multiple-stress 
treatment but It was Incomplete. 
Preconditioned treatment (P123) had 18% less and 5% greater yield 
for strata 4 and 5 and stratum 3, respectively, relative to stress only 
during P3 (Figure 17c). The P123 treatment showed a large yield compen­
sation through heavier seed production in stratum 3 and also had some 
compensation in strata 4 and 5. But the compensation in strata 4 and 5 
was not great enough to overcome the reduction in node numbers in these 
strata (Table 10). 
Several interaction comparisons between cultivars, stress treatments, 
and strata were observed (Appendix B). These data indicate that vertical 
strata distributions on soybean stems are affected differently, depending 
cn cultivar and stress trcat=ent, but the results seem to be of limited 
agricultural importance because variations in branch yields are much 
greater in magnitude than strata yield differences. 
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YIELD COMPONENT RESPONSES TO STRESS TIMING AND PRECONDITIONING 
Literature Review 
Timing of stress is a very important consideration in determinate 
species. Water stress during the silking period in com has been 
observed to reduce final yield by 51% (Denmead and Shaw, 1960). Stress 
during other growth periods had much less effect on final yield, demon­
strating the importance of lack of stress during the flowering period in 
determinate species. Doss et al. (1974) investigated irrigation timing 
on determinate soybeans and found that the pod-filling stage rather than 
flowering was the most responsive to irrigation. Sionit and Kramer 
(1977) also observed the yield of determinate soybeans to be most 
affected by water stress during early-pod formation. 
Sionit and Kramer (1977) did intensive studies on stress-timing with 
chamber-grown soybeans in which water was withheld from the plants during 
various growth periods until fell as low as -23 bars. Plants stressed 
during flower induction and flowering had fewer flowers, pods, and seeds 
uliân tuëiïT controls, but stress during early pod format ion most reduced 
pod and seed numbers. Weight per seed was reduced most by stress during 
early pod formation and pod filling. Stress during early-pod production, 
however, exhibited the greatest total yield reduction. 
Shaw and Laing (1966) reported intensive stress-timing studies on 
indeterminate soybeans. Water stress during flowering reduced yield less 
than stress during late-pod development, which was concurrent with the 
early-bean-filling period. Using the data of Laing (Laing, D.R. 1965. 
Unpublished Ph.D. thesis, Iowa State University, Ames, Iowa), yield was 
90 
expressed as a function of yield components and was then differentiated 
to obtain an expression of yield as a sum of yield-component effects on 
total yield. The main effects of yield components and their interaction 
effects on yield were calculated for each of eight stress periods and 
were plotted (Figure 18) to identify stress timing effects. The zero 
line in Figure 21 represents no change in yield relative to the low-
stress treatment for the indicated yield component. Bars below and above 
the zero line represent proportional yield reductions and compensations, 
respectively, as a result of stress influences on the indicated yield 
component. The total yield reduction for any particular stress period 
could be found by summing the yield component effects relative to the 
zero line. 
Stress during the early-flowering period had no appreciable influ­
ence on yield components or yield, but the next three stress periods 
showed large reductions in yield due to pod number losses. Early pod-
loss effects were attributed to flower abortion and later losses were 
attributed to pod abortion. Although yield teductlous due to pod loss 
declined after period 4 (Figure 18), stress effects on other yield com­
ponents increased. The next three periods showed large yield reductions 
as a result of bean per pod losses, and yield losses due to seed weight 
became a major factor in period 7. Because several yield components 
were adversely affected during the late-pod development or early bean-
filling period, the greatest total yield reductions were observed during 
that growth stage. Stress during period 8 had little influence on yield 
components or yield. Unfortunately, only one cultivar was studied, so 
BEAN FILLING 0 .8  
h-FLOWERING 
POD DEVELOPMENT 0.4 
e: 0.4 
o 
w 
^ 0.8 
I—I 
• lu 
POD NUMBER (A) 
BEAN PER POD (B) 
SEED SIZE (C) 
AB,AC,BC,ABC 
MAIN EFFECTS 
INTERACTIONS 
8 6 7 4 5 3 2 
STRESS PERIOD 
Figure 18. Change in yield per plant due to changes in yield components in response to water 
stress at different reproductive growth stages. Redrawn from D. R. Laing (1966) 
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no cultivar differences In yield component response could be Identified. 
Momen et al. (1979) did look for cultivar yield-characteristic dif­
ferences in response to various soil-moisture regimes during four 
distinct stress periods. They found that the two indeterminate cultivars 
(Hark and Rampage) exhibited different yield component responses to the 
stress treatments. Cultivar by stress-treatment Interactions in weight 
per seed, seeds per pod, and nodes per plant were indicated for their 
final stress period. Whole-plant seed yield did not show a cultivar by 
stress treatment interaction for any stress period, but stress during 
reproductive growth did show cultivar variations in branch yield. 
Results and Discussion 
Overview 
Because timing of water stress is extremely Important in the deter­
mination of yield display and because few researchers have investigated 
varietal differences in yield-component responses to stress, these 
aspects of water-stress research were included in this study. Yield-
component variations between four different cultivars subjected to stress 
during various growth stages were investigated. Yield-component dif­
ferences between preconditioned and unconditioned plants in response 
to later stress were also studied. 
Plants were separated into branch and stem contributions at harvest 
in order to identify treatment differences. For the stem contributions, 
numbers of nodes, pods, seeds, and the seed yield per potometer were 
recorded. For the branches, numbers of branches, pods, seeds, and seed 
yield per potometer were obtained. Whole-plant yield characteristics 
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were calculated by adding stem and branch contributions. Then yield 
components were calculated on a per plant basis for stems, branches, and 
whole plants and were expressed as: 
Y  =  Â x B x C x D  ( 1 7 )  
where 
Y = Yield per plant 
A = Nodes or branches per plant 
B = Pods per node or branch 
C = Seeds per pod 
D = Weight per seed. 
By letting the control treatment equal the product of constant 
(lower case) yield components (Eq. 18) and by differentiating to obtain 
the difference in yield between the control and each of the appropriate 
stress treatments (Eq. 19), change in yield (AY) was calculated as the 
sum of main effects of a change in each of the four yield components plus 
an interaction term (I) (Eq. 20). 
Y  =  a x b x c x d  ( 1 8 )  
AY = (a + AA) (b + AB) (c + AC) (d + AD) - abed (19) 
AY = bcdAA + acdAB + abdAC + abcAD + I (20) 
The change in yield is equal to the sum of changes in yield resulting 
from a change in each of the respective yield components (Main Effects) 
for no change in the other three yield components. The interaction term 
(I) equals the sum of all 2-, 3-, and 4-way interactions. Because I is 
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much smaller than the main effects, it can be neglected in most 
Instances. 
Yield responses to stress effects on yield components will first be 
discussed in regard to single stress periods and then in regard to pre­
conditioned versus unconditioned plants. Stress treatment and cultivar 
by stress treatment interaction effects will be emphasized in this 
discussion. 
Analyses of variance were calculated over all stress treatments 
using one less degree of freedom for stress treatment effects (Appendix 
C) because the low-stress treatment was forced to zero by our calcula­
tion in Eq. 19. Least significant differences (LSD's) were also computed 
to test for variations in yield due to specific changes in yield compo­
nents. In the comparisons between preconditioned and unconditioned 
plants, LSD's were multiplied by -Jt. in order to test if differences 
between two treatment means were different from other treatment-mean 
differences. 
Stress-timing variations over cultivars 
Yield changes in response to induced changes in yield components by 
single stress periods for whole plants, stems, and branches are shown in 
Figures 19, 20, and 21, respectively. Each bar in the figures represents 
a change in yield from the low-stress treatment. No change in yield is 
indicated by the zero line, and values below and above the zero line 
represent yield reductions and compensations by that particular yield 
component, respectively. Interactions between main effects were not 
graphed because they were small and not statistically significant. 
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Figure 19. Single-stress whole-plant changes in yield and in yield 
due to changes in the Indicated yield components 
Changes are relative to the low-stress treatment, and the 
stress periods are indicated above the yield/plant bars. 
The zero line represents no change in yield due to stress 
during the period. Values below and above the zero line 
represent yield reductions and compensations, respectively. 
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Figure 20. Single-stress stem changes in yield and in yield due to 
changes in the indicated yield components 
Changes are relative to the low-stress treatment, and the 
stress periods are indicated above the yield/plant bars. 
The zero line represents no change in yield due to stress 
during the period. Values below and above the zero line 
represent yield reductions and compensations, respectively. 
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Figure 21. Single-stress branch changes in yield and in yield due to 
changes in the indicated yield components 
Changes are relative to the low-stress treatment, and the 
stress periods are indicated above the yield/plant bars. The 
zero line represents no change in yield due to stress during 
the period. Values below and above the zero line represent 
reductions and compensations, respectively. 
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Stress during periods 1, 2, and 3 evidently had the same effect on 
yield per plant, although vast differences in the manner of yield com­
ponent influences were observed (Figure 19). Obviously, seed weight 
compensated for yield losses due to reductions in nodes, pods, and seeds 
by PI stress and to a lesser extent by F2 stress. In stress period 3, 
reductions in weight per seed accounted for much of the yield loss. A 
similar pattern was also observed on the stems (Figure 20) and branches 
(Figure 21). 
Branches were well-established by the time of period 3 stress, so 
treatment P3 did not reduce the number of branches per plant (Figure 21). 
Only changes in weight per seed significantly cut yields on the branches 
of plants stressed during period 3 (Figure 21), and total branch yield 
reduction were approximately half of the stem yield loss (Figure 20). 
Total yield per plant reductions for earlier stress periods were the 
result of nearly equivalent stem and branch influences. Most of the 
yield reductions for treatments PI or P2 can be attributed to loss in 
numbers of branches, nodes per plant, and pods per nods on the stems. 
Stress-timing variations by cultlvar 
Although the yield per plant interactions between cultivars and 
stress treatments were significant at only the 0.10 level (Appendix C), 
variations will be discussed for completeness. Mean yields per plant 
are given for each yield component influence in Table 11. Least signifi­
cant differences are for stress treatment differences within the same 
cultlvar. 
99 
Table 11. Single—stress changes in yield and in yield due to changes in 
the indicated yield components relative to the low-stress (PO) 
treatment 
Yield/Plant Changes due to 
Stress Yield Nodes^ Pods^ Seeds Weight 
Cultivar Treatment Plant Plant Node Pod Seed Interaction 
g. g. g. g- g. g. 
WHOLE PLANT 
Hodgson PI -3.01 -1.53 -2.25 -0.78 +1.55 —0.00 
P2 -3.38 -0.93 -1.62 +0.02 -1.09 +0.24 
P3 -1.41 -0.61 +0.62 -0.02 -1.26 -0.14 
Corsoy PI -2.08 -0.75 -2.70 +0.44 +0.63 +0.11 
P2 -2.56 -0.42 -1.93 -0.64 +0.32 +0.12 
P3 -3.03 -0.75 -0.95 -0.01 -1.50 +0.19 
Ottilie PI -1.51 -0.58 -2.26 -0.49 +2.17 -0.36 
P2 -0.43 -0.22 -0.91 -0.91 +1.80 -0.18 
P3 -1.84 -0.07 -0.32 -0.42 -1.01 -0.02 
Beeson PI -2.24 -1.21 -1.97 -0.28 +1.40 -0.17 
P2 -1.78 -0.77 -1.40 -0.85 +1.57 -0.33 
P3 -2.76 -0.81 +0.78 -1.85 -0.82 -0.04 
LSD*^ 0.05 1.52 0.70 1.50 1.08 1.12 0.41 
STEMS 
Hodgson PI -1. 65 -0.93 —1.23 -0.10 +0.66 -0.03 
P2 -1.80 -0.59 -0.81 +0.40 -0.81 -0.01 
P3 -1.18 -0.36 +0.17 -0.29 -0.64 -0.05 
Corsoy PI -0.84 -0.37 -1.35 +0.29 +0.58 +0.01 
P2 -1.62 -0.28 -1.25 -0.30 +0.17 +0.06 
P3 -1.56 -0.52 -0.34 +0.17 -0.85 +0.01 
Ottilie PI -0.83 -0.44 -1.31 -0.51 +1.68 -0.25 
P2 —0.48 -0.17 -0.69 -0.59 +1.07 -0.09 
P3 -1.15 -0.04 -0.06 -0.11 -0.86 -0.06 
^Branches/plant where appropriate. 
^Pods/branch where appropriate. 
"LSD's are for treatment differences within the same cultivar. 
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Table 11. (Continued) 
Yield/Plant Changes due to 
Stress Yield See^ Weight 
Cultlvar Treatment Plant Plant Node Pod Seed Interaction 
Beeson PI 
P2 
P3 
LSD 0.05 
BRANCHES 
Hodgson Pi 
P2 
P3 
Corsoy PI 
P2 
P3 
Ottllie PI 
P2 
P3 
Beeson PI 
P2 
P3 
LSD 0.05 
g" g. 
—0.86 —0.84 
-0.56 -0.51 
-2.51 -0.58 
0.92 0.48 
-1.31 -0.83 
-1.58 -0.44 
-0.23 +0.30 
-1.24 -0.28 
-0.94 -0.45 
-1.47 -0.56 
-0.69 -0.60 
+0.06 -0.22 
-0.69 -0.13 
-1.38 -1.12 
-1.23 -1.09 
-0.25 +0.18 
1.03 1.04 
g. g. 
-1.08 -0.10 
-0.68 -0.33 
-0.71 -0.87 
0.90 0.86 
-0.74 -0.52 
-0.67 -0.34 
-0.21 +0.29 
-1.18 +0.09 
-0.22 -0.35 
-0.13 -0.22 
—0.53 —0.08 
-0.03 -0.36 
—0.09 -0.30 
+1.86 -0.21 
+2.04 -0.48 
+2.48 -0.91 
1.64 0.60 
g. g-
+1.28 -0.12 
+1.06 -0.10 
-0.57 +0.23 
0.79 0.34 
+0.89 -0.12 
-0.32 +0.20 
-0.59 -0.03 
+0.04 +0.08 
+0.14 -0.07 
-0.16 +0.10 
+0.57 -0.05 
+0.78 -0.11 
-0.08 -0.09 
+0.09 -2.00 
+0.48 -2.17 
-0.19 -1.82 
0.66 1.22 
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Hodgson, the earliest-maturing cultivar, showed less yield per 
plant reduction as a result of period 3 stress than it did as a result 
of earlier stress. Period 3 stress, which occurred during growth stage 
R6, was probably late enough in Hodgson's development to have little 
influence on its yield. Stress treatment P3 led to similar yield losses 
as stress treatment P2 for all yield components but pods per nod^ which 
were less affected by stress during period 3. Branch seed yields were 
less affected by period 3 stress than stem yields. 
Ottilie 7270 evidently possesses a distinct ability to compensate 
for early yield reductions by producing heavier seeds. Only period 3 
stress significantly reduced the seed yield, and period 3 stress occurred 
late in beginning-seed (R5) growth stage. Treatment PI also resulted in 
a yield reduction that was nearly significant (Table 11), but the magni­
tude of the yield reduction was smaller than most other cultivar-
treatment combinations. Generally, Ottilie 7270 seemed to have less yield 
reductions due to water stress than the other cultivars. 
Although the whole-plant yields were similar for all stress periods, 
Beeson stem yields were much more adversely affected by P3 stress than 
its branch yield. Evidently, period 3 occurred during a period of node, 
pod, and seed development, and during seed filling because all of these 
yield factors were reduced on the stems. Branch yield components 
contributed little to treatment P3 whole-plant yield reductions. 
The large increase in yield due to number of pods per branch for 
Beeson as a result of stress is puzzling. Because yield was increased 
by stress effects on pods per branch, stress must have inhibited branch 
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production and encouraged pod production on the branches. Beeson 
branches were the only place where a significant interaction term was 
observed and it was most likely due to this unusual pods per branch 
response. 
Preconditioning variations over cultivars 
Preconditioned and unconditioned yield component influences on 
yield changes as a result of stress during periods 2 and 3 are shown in 
Figures 22-25. Each bar represents a yield change from that expected 
at the beginning of period 2 or 3. For example, preconditioned yield 
changes for P2 were calculated as the differences between means (P12-P1) 
and unconditioned changes as the difference between means (P2-P0). 
Interactions between main effects were not included because they were 
small and not significant. 
Although significant at only the 0.10 level (Appendix C), whole-
plant yields of unconditioned (P2) soybeans were more adversely affected 
by stress during period 2 than were preconditioned (P12) plants (Figure 
22). None of the yield-component changes resulted in significant yield 
differences between preconditioned and unconditioned plants, but the 
combination of yield losses duo to nodes per plant, pods per node, and 
seeds per pod seem to be implicated as the cause of the whole-plant yield 
differences. Neither the stems or branches showed any significant yield 
component effects on yield except for the number of branches per plant 
(Figure 23). 
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Figure 22. Preconditioned fefAysfi and unconditioned I I yield responses 
to stress during period 2 
Preconditioning consisted of stress during period 1. The 
zero line represents no change in yield from the beginning 
of stress period 2. Values below and above the zero line 
represent yield reductions and compensations, respectively. 
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Figure 23. Preconditioned 1:%::::::::! and unconditioned i I yield responses 
to stress during period 2 for (a) stems and (b) branches 
Preconditioning consisted of stress during period 1. The 
zero line represents no change in yield from the beginning 
of stress period 2. Values below and above the zero line 
represent yield reductions and compensations, respectively 
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Figure 24. Preconditioned and unconditioned I I yield responses 
to stress during period 3 
Preconditioning consisted of stress during periods 1 and 2. 
The zero line represents no change in yield from the begin­
ning of stress period 3. Values below and above the zero 
line represent yield reductions and compensations, respec­
tively. 
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Figure 25. Preconditioned and unconditioned I I yield responses 
to stress during period 3 for (a) stems and (b) branches 
Preconditioning consisted of stress during periods 1 and 2. 
The zero line represents no change in yield from the begin­
ning of stress period 3. Values below and above the zero 
line represent yield reductions and compensations, respec­
tively. 
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Unconditioned (P3) soybean yields were more adversely affected than 
preconditioned (P123) plants by stress during period 3 (Figure 24). Only 
changes in weight per seed led to significant differences between the 
change in yield of preconditioned and unconditioned plants. Most of the 
greater whole-plant yield reductions for unconditioned plants occurred 
on the stems (Figure 25a) and not on the branches (Figure 25b). Stress 
during period 3 obviously had little effect on branch yields whether 
preconditioned or unconditioned. 
Preconditioning variations by cultivars 
Unconditioned Hodgson soybeans showed a large yield reduction 
relative to preconditioned plants in response to stress during period 2, 
whereas the other cultivars exhibited little difference (Table 12). 
Number of nodes per plant on Hodgson was the only yield component that 
exhibited a significantly greater yield reduction for the unconditioned 
plants. Stress during PI already reduced nodes per plant for the pre­
conditioned treatment, and the additional period 2 stress did not 
exhibit as much yield reduction due to fewer nodes as did the uncondi­
tioned Riants. A similar response was noted on the stems. Branches 
showed no significant differences for yield components, but the overall 
branch yield reduction was greater for the unconditioned plants. 
Only Corsoy and Beeson showed a yield advantage for preconditioned 
plants stressed during period 3 (Table 13). Yield of unconditioned (P3) 
Corsoy soybeans were more adversely affected by their weight per seed 
changes than were the preconditioned (P123) plants. Number of seeds 
per pod reductions account for most of the yield response differences 
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Table 12. Preconditioned (P12) and unconditioned (P2) yield changes of 
individual cultlvars in response to yield-component changes 
induced by stress during period 2 
Yield/Plant Changes due to 
Stress Yield ^^desl Pods^ See^ Weight 
Cultivar Treatment Plant Plant Node Pod Seed Interaction 
g. g. g- g. g. g. 
WHOLE PLANT 
Hodgson P12 +0. ,15 +0. 35 -0. ,64 +0. 44 +0. 18 -0. 17 
P2 -3. 38 -0, 93 -1. ,62 +0. 02 -1. ,10 +0. ,24 
Corsoy P12 —2, .23 -0. 64 -0. ,99 -0. ,57 -0. ,08 +0. ,05 
P2 -2. 56 -0, 42 -1. 93 -0. ,65 +0. 32 +0. ,12 
Ottilie P12 -0. .66 +0i ,10 -0. 72 -0. 19 +0. 29 —0, .13 
P2 -0. 43 -0. ,22 -0. 91 -0. 91 +1. 80 -0. 18 
Beeson P12 -1. 19 -0. 25 -2. 01 -0. 64 +2. 07 -0. 36 
P2 -1. 78 -0. 77 -1. 40 -0. 85 +1. 57 -0. 33 
LSD^ 0.05 2, 15 0. 99 2, .12 1. 54 1. 59 0. 
00 m
 
STEMS 
Hodgson P12 -0. 22 +0. 20 -0. 66 +0. 07 -0. 29 -0. 12 
P2 -1. 80 -0. 59 -0. 81 +0. ,41 -0. ,81 -0. 01 
Corsoy P12 -1. ,57 -0. ,46 -0. 85 -0. ,14 -0. ,13 +0. 01 
P2 -1. ,62 -0. ,28 -1. ,26 -0. ,30 +0. ,17 +0. 06 
Ottilie P12 -0. 41 +0. ,06 -0. ,63 +0. 16 +0. 06 -0. ,06 
P2 -0. 48 -0. 18 -0. 69 -0. 59 +1. 07 -0. 09 
Beeson P12 -0. 17 -0. 19 -0. ,84 -0, 31 +1. ,53 —0 < .34 
P2 -0. 56 -0. ,51 -0. ,68 -0, 32 +1. ,06 -0. ,10 
LSD 0.05 . 1, .30 0, .69 1. ,28 1, .22 1, .12 0. ,48 
Branches/plant where appropriate. 
^Pods/branch where appropriate. 
^LSD's are for treatment differences within the same cultivar. 
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Table 12. (Continued) 
Yield/Plant Changes due to 
Stress Yield 
Cultivar Treatment Plant Plant Node Pod Seed Interaction 
g. g. g. g. g. g. 
BRANCHES 
Hodgson P12 +0. 37 +1. 02 -0. 79 +0-20 -0. 07 +0. 01 
P2 —1« 58 -0. 44 -0. 67 -0. 34 -0. 32 +0. 20 
Corsoy P12 -0. 66 -0. 26 -0. 00 -0. 44 +0. 04 +0. 01 
P2 -0. 94 -0. 45 -0. 22 -0. 35 +0. 14 -0. 07 
Ottilie P12 -0, ,24 +0. 69 -0. 64 -0. ,26 +0, .11 -0. 15 
P2 +0. 06 -0. 22 -0. 03 -0. ,36 +0. 78 -0. 11 
Beeson P12 -1, .02 -0. 23 -2. 01 -0. 34 +0. 40 +1, .16 
P2 -1. 23 -1. 09 + 2 .  04 -0, .48 +0. 48 —2, .18 
LSD 0.05 1. 46 1, .47 2 .  33 0, .84 0. 93 1, .73 
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Table 13. Preconditioned (P123) and unconditioned (P3) yield changes of 
individual cultivars in response to yield-component changes 
induced by stress during period 3 
Yield/Plant Changes due to 
Stress 
Cultivar Treatment 
Yield 
Plant 
Nodes^ 
Plant 
Pods^ 
Node 
Seeds 
Pod 
Weight 
Seed Interaction 
g. g- g. g. g- g. 
WHOLE PLANT 
Hodgson P123 
P3 
-2.05 
-1.41 
-0.12 
-0.61 
-1.30 
+0.61 
+0.10 
-0.02 
-0.95 
-1.26 
+0.23 
-0.14 
Corsoy P123 
P3 
+0.28 
-3.03 
+0.27 
-0.75 
-0.93 
-0.95 
+0.63 
-0.01 
+0.67 
-1.50 
-0.35 
+0.19 
Ottilie P123 
P3 
-0.72 
-1.84 
-0.52 
-0.07 
-0.02 
-0.32 
-0.91 
-0.42 
+0.70 
-1.01 
+0.02 
-0.02 
Beeson P123 
P3 
-0.14 
-2.76 
-0.09 
-0.81 
+0.60 
+0.78 
+0.02 
-1.86 
-0.70 
-0.82 
+0.04 
-0.04 
LSD^ 0.05 2.15 0.99 2.12 1.54 1.59 0.58 
STEMS 
Hodgson P123 
P3 
-0.90 
-1.18 
-0.08 
-0.37 
-0.77 
+0.17 
+0.78 
-0.29 
-0.66 
-0.64 
-0.16 
-0.05 
Corsoy P123 
P3 
+0.21 
-1.56 
+0.19 
-0.52 
-0.47 
-0.35 
+0.27 
+0.17 
+0.41 
-0.86 
-0.18 
+Û.01 
Ottilie P123 
?3 
—0 «80 
—1.15 
-0.36 
—G. 04 
-0.50 
—0.06 
-0.58 
-0.11 
+0.67 
-0.87 
-0.03 
—0. Do 
Beeson P123 
P3 
-0.65 
-2.51 
-0.04 
-0.58 
-0.31 
-0.71 
+0.40 
-0.87 
-0.75 
-0.58 
+0.06 
+0.23 
LSD 0.05 1.30 0.69 1.28 1.22 1.12 0.48 
^Branches/plant where appropriate. 
^Pods/branch where appropriate. 
"LSD's are for treatment differences within the same cultivar. 
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Table 13. (Continued) 
Yield/Plant Changes due to 
Stress Yield Nodes^ Pods^ Seeds Weight 
Cultivar Treatment Plant Plant Node Pod Seed Interaction 
g- g- g- g. g. g. 
BRANCHES 
Hodgson P123 -1.15 -0.48 -0.10 -0.44 -0.12 -0.02 
P3 -0.23 +0.30 -0.21 +0.29 -0.59 -0.03 
Corsoy P123 +0.07 +0.13 -0.52 +0.35 +0.26 -0.15 
P3 -1.47 -0.56 -0.13 -0.22 —0.66 +0.10 
Ottilie P123 +0.07 +0.40 -0.07 -0.36 +0.02 +0.11 
P3 -0.69 -0.13 -0.09 -0.30 -0.07 -0.09 
Beeson P123 +0.51 +0.35 +0.46 -0.39 +0.12 -0.04 
P3 -0.25 +0.18 +2.49 -0.91 -0.19 -1.82 
LSD 0.1 05 1.46 1.47 2.33 0.84 0 9 3  1.73 
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exhibited by Beeson soybeans. 
Cotsoy yield differences were evident on both the stems and branches, 
whereas yield differences were only observed on Beeson stems (Table 13). 
Preconditioning seemed to reduce the sensitivity of the most sensitive 
yield components to further stress. Further stress led to some yield 
reduction through a less sensitive yield component, but the magnitude 
of yield reduction was less (Table 13). 
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PRECONDITIONING EFFECTS ON HARVEST INDEX 
Literature Review 
Intuitively, stress induced yield reductions can occur either as a 
result of total dry-matter reductions or because of effects on dry-matter 
partitioning to the seeds. Soybean cultivars that are currently grown 
may have reached a maximum in their ability to partition more dry matter 
to the seeds when grown under low-stress conditions (Gay et al., 1980). 
Under high-stress conditions and when stress occurs at various growth 
stages, however, variations in plant partitioning to the seeds may still 
be a factor in final yield determination. Preconditioning for later 
water stress may also affect partitioning of dry matter and it needs 
further study. 
Fhotosynthate used in seed production of field crops is obtained 
either from current photosynthesis during reproductive growth and/or 
from remobilisâtion of reserves in other plant parts. Boyer and 
McPherson (1975) reported that com produced grain roughly in proportion 
to the total above—ground dry mâLcer that was accumulated during the 
season and not to the total dry matter accumulated only during repro­
ductive growth. In regard to preconditioning, they concluded that water 
stress reduced the seasonal dry-matter accumulation but preconditioning 
allowed more dry matter to be accumulated. There was little difference 
between preconditioned and unconditioned plants in their ability to 
mobilize reserves from vegetative parts to the seeds. 
Karimi-Abadchi (1979) studied water-stress effects on dry-matter 
partitioning of seven indeterminate soybean cultivars and found that the 
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ratio of final pod plus seed dry weights to total above-ground dry 
weights were similar for low- and high-stress plants. Although precon­
ditioning was not studied in Karimi-Âbadchi* s experiment, the data do 
indicate that above-ground dry-matter production is closely related to 
the seed yield of indeterminate soybeans. Stress was induced over a long 
period of time, however, and differences in stress timing and the influ­
ence of preconditioning on these relationships were not studied. 
Constable and Hearn (1978) reported determinate soybean cultivar 
differences in the contributions of stem storage to seed yield and 
attributed differences to source-sink relationships. These relationships 
might have contributed to the apparent cultivar yield interaction between 
preconditioned and unconditioned plants in their experiment. Also, 
variations in contribution of stem storage to seed yield intuitively may 
have led to differences in harvest index, but no harvest index data were 
reported. 
Results and Discussion 
Seed yield reductions of preconditioned plants, as a result of later 
stress, were not as great as reductions in yield for unconditioned plants 
(Figures'22 and 24). Therefore, in order to determine if the positive 
preconditioning responses were due to effects on total above-ground dry 
weight or if preconditioning enhanced dry-weight allocation to the seeds, 
a harvest index was calculated from stem, branch, and seed dry weights 
(Eq. 21). 
HI = SW/DW (21) 
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where 
SW = Seed dry weight 
DW = Stem plus branch plus seed dry weight 
If the harvest index of a particular high-stress treatment is equivalent 
to the harvest index of the low-stress treatment (HI *), then all of the 
yield reduction can be attributed to loss of total above-ground dry 
matter. Therefore, assuming all SW reductions are mediated through total 
above-ground dry weights, the expected SW value for given DW, is defined 
by a line of slope HI' through its appropriate low-stress mean. By 
plotting the stress treatment means (SW versus DW) and comparing them 
with expected SW values, some interesting relationships were observed. 
Stress timing is evidently an important consideration in assessment 
of dry-matter partitioning to the seeds. Generally, the group consisting 
of PI, P12, and P123 treatment means exhibited harvest indices that were 
more favorable for reproductive growth than the group consisting of 
treatment means PO, P2, and P3 (Figures 26 and 27). Linear regressions 
were calculated over both treatment groups by cultivar and tests of their 
respective slopes against the slope of the expected line (HI') revealed 
a more raplu decline in SW than expected from reductions In DW for the 
PO, P2, and P3 treatment groups in all cultivars but Beeson (Table D.3.). 
Slopes of the PI, P12, and P123 treatment groups were the same as their 
respective HI* for each cultivar. 
Analysis of variance and orthogonal comparisons on sample SW depar­
tures from expected (Appendix D) also revealed an enhanced HI for the 
mean of PI, P12, and P123 treatments over the mean of PO, P2, and P3. 
Figure 26, Seed dry weight versus above-ground dry weight plots of 
means for cultivars Hodgson and Corsoy 
The expected reduction in seed dry weight based on a . 
constant harvest index through the low-stress (PO) treat­
ment (— — —) and separate linear regressions over treat­
ment group PO, P2, and P3 ( ) and group PI, P2, and 
P123 ( ) sample values are included. Growth stages 
during the three stress periods are given at the bottom 
of the figure. Bars indicate two standard errors of the 
mean. 
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Figure 27. Seed dry weight versus above-ground dry weight plots of 
means for cultlvars Ottllle 7270 and Beeson 
The expected reduction in seed dry weight based on a con­
stant harvest index through the low-stress (PO) treatment 
(— — —) and separate linear regressions on treatment 
group PO, P2, and P3 ( ) and group Pi, Pi2, and 
P123 ( ) sample values are Included. Growth stages 
during the three stress periods are given at the bottom 
of the figure. Bars indicate two standard errors of the 
mean. 
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Using the orthogonal comparisons (Table D.2.), SW was clearly enhanced 
for.the mean of treatment PI, P12, and P123 and It was greater for cultl-
vars in which the PI stress occurred earlier during reproductive growth 
(Figures 26 and 27). Hodgson showed little difference in SW departures 
between treatment group means, whereas Corsoy exhibited somewhat more 
differentiation. The late-maturing cultivars had better HI responses for 
the PI, P12, and P123 treatment groups than early-maturing cultivars, 
and Beeson had a better response than Ottilie. By normalizing depar­
tures to the low stress above-ground dry weight, seed dry weights were 
0, 1.4, 1.9, and 3.4% higher than expected for Hodgson, Corsoy, Ottilie 
7270, and Beeson, respectively. Evidently, the earlier PI stress 
occurred in reproductive growth the more likely that the HI relationship 
would be shifted upward into a more favorable reproductive position. 
The preconditioned plants had enhanced SW departures relative to uncon­
ditioned plants because the preconditioned plants were stressed during 
period 1. 
Reasons for the seemingly positive responses to stress early ir. 
reproductive growth are not clear. Growth stages R3 (beginning pod) and 
R4 (full pod), when stress resulted in enhanced partitioning to the 
seeds, are late in the transition from vegetative to reproductive growth, 
and perhaps stress accelerated the transition and allowed more time for 
the plants to fill their seeds. Growth stages were not differentiated 
for the various stress treatments in this study, but this type of 
response has been induced by application of growth regulators during the 
transition from vegetative to reproductive growth (Greer and Anderson, 
1965). 
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Because stress during early reproductive growth has a greater effect 
on vegetative growth than later stress, the response might also be 
related to a luxury consumption type of reaction. The additional dry 
matter accumulation by those plants that were not stressed during early 
reproductive growth could have been used in the vegetative structural 
development and would not be available for later translocation; hence, 
vegetative dry weight at harvest would be greater relative to seed dry 
weight. Other possible changes in plant morphology and physiology can­
not be ruled out as causes of the observed relationships, but because the 
response was not expected, the parameters necessary to evaluate the 
causes were not obtained. These relationships may also be peculiar to 
our experiment because of the nature of our stress inducement, i.e. with­
holding water from restricted root mediums, and actual field studies 
would be necessary to determine if these responses are true in general. 
Data have been reported which suggests that increasing yield 
through partitioning of photosynthate to the seeds in the well-watered 
cultivârss which are currently available may not be possible, but yield 
increases through lengthening of the seed filling period are quite 
plausible (Gay et al., 1980). Data in this study indicate that stress 
during early reproductive growth enhances partitioning to the seeds and 
the enhancement might be related to increased length of seed filling. 
If the stress during period 1 had been less severe and/or if it had 
occurred earlier in the transition to reproductive growth, a seed yield 
potentially greater than the low-stress yield might have resulted from 
enhanced partitioning to the seeds. Desbesell and Danielson (1975) have 
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reported a 414 kg ha yield increase for soybeans which were not irriga­
ted during flowering over plants that were irrigated all season, and a 
slight soybean yield increase was also observed for plants subjected to 
mild stress during flowering in another experiment (Henderson and Miller, 
1973). The data in this experiment give credence to the idea that 
positive yield responses to stress during early reproductive growth may 
occur because of enhanced partitioning to the seeds. 
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STRESS INDEX WEIGHTING FOR GROWTH STAGES 
Literature Review 
Use of meteorological data to predict corn yields in Iowa has been 
an on-going project over many years. Originally, attempts were made to 
correlate rainfall data with corn yields, but later studies (Dale and 
Shaw, 1965; Corsi and Shaw, 1971; Shaw and Felch, 1972) have shown that 
a cumulative index of the daily balance between soil moisture and atmo­
spheric demand exhibits a much better correlation with corn yields. A 
stress index was developed to integrate the combined effects of soil 
moisture and atmospheric demand on a daily basis. By summing these 
daily stress indices over a 66-day period, very good correlations with 
yield were obtained in most areas of the state. 
Using open-pan evaporation, precipitation, and available soil-
moisture data, the stress index was developed from concepts on the rela­
tionships between actual and potential évapotranspiration. Both atmo­
spheric demand and soil moisture influence transpiration from a crop 
canopy, and their interaction determines whether or not actual transpira­
tion will fall below potential transpiration on a particular day. On 
high demand days, actual transpiration may decline from potential tran­
spiration even when the crop has adequate soil moisture, whereas actual 
transpiration can be maintained at potential transpiration rates to very 
low values of soil moisture under low-demand conditions. These relation­
ships are quite clear in Figure 28 from Denmead and Shaw (1962). 
Although the soil moisture value at which actual transpiration 
declines from potential transpiration is clearly less on low-demand days, 
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Figure 28. Diurnal rates of transpiration versus volumetric soil moisture 
under various atmospheric demand conditions. Redrawn from 
Denmead and Shaw (1962) 
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the potential transpiration is also less. Therefore, if one defines a 
plant as being stressed when actual falls below potential transpiration, 
both the atmospheric demand and soil moisture must be known to evaluate 
when stress occurs and the magnitude of the stress. 
Atmospheric demand, which depends on several factors including (1) 
solar radiation, (2) wind, (3) humidity and (4) temperature through its 
effect on water holding capacity of the air, must be determined to esti­
mate évapotranspiration on a particular day. Open-pan evaporation data 
have been used as an integrator of those factors which affect atmospheric 
demand in order to estimate évapotranspiration. The ratio of evapotran-
sp irat ion/open-pan evaporation for corn has been found to vary through­
out the growing seasin (Denmead and Shaw, 1959). On any particular day 
during the season, however, évapotranspiration can be estimated by 
multiplying open-pan evaporation by the above ratio. Once we have an 
estimate of évapotranspiration, soil moisture can also be estimated with 
the addition of precipitation, percolation, and runoff data, initial soil-
moisture, and soil properties. After we know the soil moisture and 
atmospheric demand we can determine both the actual and potential évapo­
transpiration . 
The daily stress index (SI) used in Iowa is calculated as: 
S I  =  1 - ^  ( 2 2 )  
where ET is actual évapotranspiration and PET is potential évapotran­
spiration. When actual equals potential évapotranspiration, the crop is 
not being stressed and SI = 0. When actual falls below potential 
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évapotranspiration, the crop is stressed and the stress index increases 
to a maximum of SI = 1. Until 1974, corn yields were predicted by 
summing the daily stress indicies over a 66-day period around silking, 
but weighting the stress index to account for differences in growth 
stages and increasing the period to 85 days was reported to increase the 
predictive ability of the stress index (Shaw, 1974). 
With the large increase in soybean production in Iowa in recent 
decades, there has been more interest in the development of a stress 
index for soybeans. Before working on the estimation of soil moisture 
under soybeans and the other problems involved in development of a stress 
index, the need for a growth-stage weighting function was investigated. 
Results and Discussion 
Soil moisture was either directly measured with a neutron probe in 
each potometer or was estimated by prorating with potometers that were 
measured. Measurements were made in the low-stress treatment to obtain 
an estimate of potential évapotranspiration and in all of the high-stress 
treatments that were being stressed during a particular period. Potom­
eters that were not being stress were assumed to have the same SM 
as the low-stress treatment. Percolation and evaporation were assumed 
to be negligible. 
The stress index was calculated by finding the change in SM over 
each of the stress periods in each potometer. Because there were no 
additions of water to the potometers, all of the change in SM can be 
attributed to évapotranspiration. Using the low—stress change in soil 
moisture as potential évapotranspiration, the mean daily stress indices 
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were calculated for each stress treatment as in Eq. 22. Multiplying by 
the number of days in the period of stress, we obtain a cumulative stress 
index (CSI). Least squares regression of yield per plant on the CSI for 
the various treatments gave us a quadratic equation. 
Evidently, when averaged over cultivars, initial stress can lead to 
substantial yield reductions, but the yield loss per unit of CSI declines 
as stress accumulates (Figure 29). Because our stress periods were short 
and intense, we really don't know what happens as CSI increases above 4, 
but additional stress should continue to decrease yield. There does 
seem to be evidence for a leveling off of stress reductions over some of 
the range in CSI, however, and more study is needed to investigate yield 
responses to more stress. 
The soil moisture index for corn was weighted for growth stages by 
accounting for deviations from a linear decline in yield with stress 
accumulation. In these soybeans, which were subjected to short intensive 
periods of stress, it seems that a quadratic function fits the average 
yield decline better than a linear function. It is clear* that stress 
during P2 was not as detrimental to yield per plant as we would predict 
from its CSI, since the mean yield of treatment P2 was the only mean to 
fall outside the 95% confidence limits for means. This same relation­
ship was exhibited by the plant dry weights (Figure 30), and therefore, 
when averaged over cultivars it seems that P2 should be weighted to bring 
it more in line with the predicted yields. 
In order to evaluate the effects of stress on yield we should con­
sider each cultivar and the growth stage in which stress occurs. Best 
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Figure 29. Regression of yield per plant on a cumulative stress index 
with treatment means and 95% confidence limits for means 
about the regression line 
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fidence limits for means about the regression line 
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fit models were generated for each of the four cultivars and the regres­
sion lines and means for the stress treatments are shown in Figure 31. 
Only Beeson exhibited a quadratic relationship between yield and CSI, and 
the major difference between Beeson and the other cultivars seems to be 
the much higher low-stress yield. This relatively high low-stress yield 
for Beeson may have also been the major factor in the non-linear regres­
sion line generated over cultivars (Figure 29). 
Only Ottilie 7270 and Beeson showed somewhat less seed-yield sensi­
tivity to stress during P2 (Figure 31) and the most intense parts of 
period 2 stress occurred at the beginning and end of growth stage R5 for 
the late- and early-maturing cultivars, respectively (Figure 4). 
Evidently, the late-maturing cultivars, stressed during period 2 not 
only had less seed yield reduction than we would predict from their CSI 
but they also had less total dry weight reduction (Figure 32). Therefore, 
the reduced sensitivity to stress during period 2 can be attributed to 
an enhanced ability to avoid total dry weight reductions. 
The curvilinear yield responses, primarily due to Beeson's lew-
stress yield, and the reduced yield sensitivity to water stress during 
the early beginning-seed (R5) growth stage might be a peculiarity of our 
stress treatments and may not be seen in actual field experiments. Water 
stress was induced by withholding water from plants grown in restricted 
rooting mediums and the resulting stress periods were short and intense. 
In a normal field situation, soil desiccation takes more time than in 
restricted rooting mediums, and hence, plants have more time to adapt to 
their changing water environment. These data do indicate that timing of 
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stress is important and cultivars seem to respond differently to stress 
accumulation, but further study in field situations is needed to confirm 
these responses. 
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SUMMARY AND CONCLUSIONS 
Overview 
Several aspects of water-stress quantification in soybeans were 
investigated by withholding water from plants grown in restricted root 
mediums (110 liters) inside of an automatic weather (rainout) shelter. 
Stress treatments consisted of six different combinations of three stress 
periods (Figure 5). Three single-stress-period treatments and a control 
were included to study the effects of stress timing on water-relations 
parameters and yield characteristics, and two multiple-stress treatments 
were used to investigate the Influence of stress history on plant 
responses to later water stress» Four cultivars of somewhat differing 
maturity were included to study the possibility of varietal differences 
in response to the stress treatments (Figure 4). 
Stress Quantification 
Midday photosynthesis (COg uptake) exhibited a higher correlation 
with stomatal conductance than with soil moisture, leaf water potential, 
leaf osmotic potential, or turgor potential. Abaxial, adaxial, and 
whole-leaf stomatal conductances were all highly correlated with photo­
synthesis. Leaf water potentials and soil moisture also showed good 
correlations with photosynthesis but their relationships are probably 
mediated through effects on stomatal conductance. 
Leaf water potentials of soybeans subjected to low stress were 
highly responsive to changes in atmospheric demand, whereas stomatal 
conductances were much less responsive. Under high^stress conditions 
neither leaf water potential nor stomatal conductance were responsive 
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to differences in atmospheric demand. 
Plants subjected to high stress during early reproductive growth 
exhibited leaf water potentials approximately 3 bars higher than plants 
that were subjected to high stress later in reproductive growth. The 
critical water potential range for stomatal closure was between -14 and 
-15 bars for the early-maturing cultivars and between -12.5 and -15.5 
bars for the late-maturing cultivars. 
Physiological Responses to Preconditioning 
Water stress preconditioning did seem to enhance midday stomatal 
conductances on some of the days that conductance was measured, but the 
enhanced conductance did not result from either the ability to tolerate 
or to avoid low leaf water potentials. No evidence for a lowering of 
minimum leaf osmotic potentials or for any ability to avoid low leaf 
water potentials were detected on days when conductance was enhanced. 
The observed conductance response, consequently, must be attributed to 
some other factor or factors not measured in this experiment. Consistent 
cultivar differences in these responses were not detected. 
Water Deficits and Yield 
The late-maturing cultivars, Ottilie 7270 and Beeson, had greater 
seed yields than the early-maturing cultivars, Hodgson and Corsoy, 
because they produced heavier seeds. Branch seed yields were the same 
for the two maturity groups, so the late-maturing cultivars had greater 
seed yields produced on their stems. Although Hodgson and Beeson had 
greater branch seed yields than Corsoy and Ottilie 7270, respectively. 
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there were no differences in overall seed yield within either maturity 
group. 
When averaged over cultivars, no differences in final seed yields 
due to stress timing were observed. Yield characteristics that were 
developing at the time of each stress were most reduced; however, and 
later developing characteristics tended to compensate for earlier losses. 
Some differences in cultivar yield responses to various stress periods 
were observed and seemingly are related to stress timing. 
Stress during period 3 was less deleterious to the seed yields of 
the early-maturing cultivars, which were in the full-seed (R6) growth 
stage, than to the late-maturing cultivars, which were in the beginning-
seed (R5) growth stage. These yield differences were not due to varia­
tions in yield potential of the two maturity groups but were the result 
of stress timing. The early-maturing cultivars had more nearly achieved 
their yield potential when period 3 stress occurred and were less 
affected by the late stress than late-maturing cultivars. Greater yield 
losses resulting from period 3 stress were related to larger reductions 
in seed weight for the late-maturing cultivars. Although Hodgson and 
Corsoy soybeans were at the same growth stages during the three stress 
periods, the final seed yield of Hodgson was evidently determined before 
Corsoy since period 3 stress had less effect on the yield of Hodgson. 
Whole-plant yield reductions resulted from nearly equivalent losses 
on the stems and branches; hence, stress effects on stem vertical strata 
yields were small in comparison to branch effects. Generally, stress 
caused yield reductions only in the upper 75 cm of the stems, so most of 
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the stress-Induced yield losses occurred either on the branches or on the 
upper portion of the stems. A few cultivar by stress treatment by strata 
interactions were also observed on the stems, but they seem to be of 
minor agricultural importance since branch yield losses were much greater 
than in a single stratum. 
Yield Component Responses to Stress Timing and Preconditioning 
When averaged over cultivars, no differences in stress timing 
effects on total seed yield were observed, but large variations in the 
manner of yield display were seen for the various stress periods. 
Clearly, stress at any particular reproductive growth stage most affects 
the components which are developing at that time. After a stress period, 
compensation for earlier stress losses occurs through later-developing 
yield component s. 
Some differences in cultivar responses to the three stress periods 
were obsei^ed and they are evidently related to maturity differences. 
The final stress period was in the full-seed (R6) growth stage of Hodgson 
and it had less effect on Hodgson's yield and yield components than 
other cultivars. The late-maturing cultivars were more sensitive to the 
final stress period because it fell late during beginning-seed filling 
(R5). Not all of the variations in yield components among cultivars can 
be attributed to stress timing, however, because differences in yield 
component responses within pairs of cultivars of similar maturity were 
also evident. 
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Soybeans that were preconditioned for later water stress did not 
have as great of a yield reduction during later stress periods as did 
unconditioned plants. Evidently, the preconditioning treatment reduced 
yield through yield components that were being formed at the time of 
pre-stress, and the yield components that developed during later stress 
were less sensitive to yield reductions. Unconditioned soybeans had 
reduced yield through node, pod, and seed reductions relative to pre­
conditioned plants for the second stress period, whereas differences in 
seeds per pod and weight per seed accounted for the lower unconditioned 
yields resulting from the third stress period. Stress during the third 
period had little effect on branch yield or branch yield components for 
either preconditioned or unconditioned plants. 
Evidently, cultivars vary in their ability to benefit from precon­
ditioning and the responses are related to stress timing and sensitivity 
of unconditioned plant yield components that are being formed at the 
time of the later stress. Generally, the yield components, which are 
normally inhibited by stress at a particular growth stage, exhibited less 
variability in yield effects for preconditioned than for unconditioned 
plants. Cultlvar by preconditioning interactions seemed to result more 
from differences in stress timing and sensitivity of yield components 
to single, unconditioned stress than to differences in preconditioning 
effects. 
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Preconditioning Effects on Harvest Index 
As stress occurred later during reproductive growth of these inde­
terminate soybean cultivars, the harvest Indicles declined, resulting in 
less partitioning of dry matter to the seeds. Stress early in reproduc­
tive growth, however, seemed to enhance the allocation of dry matter to 
the seeds. Therefore, better dry-matter partitioning to the seeds of 
preconditioned soybeans, which received pre-stress early in reproductive 
growth, partly explains the lessened yield sensitivity to later stress, 
Cultivar differences in harvest index response to preconditioning were 
related to timing of the early pre-stress treatment relative to growth 
stages. 
Stress Index Weighting for Growth Stages 
A cumulative stress index (CSI), based on the relationship between 
actual and potential évapotranspiration, was used to predict yields 
averaged over cultivars, but the relationship between yield and CSI was 
curvilinear rather than linear as was reported for corn (Dale and Shaw, 
1965; Corsl and Shaw, 1971; Shaw and Felch, 1972; Shaw, 1974). Evidently, 
as stress accumulated, the decline in seed yield per unit CSI diminished « 
Although the yield decline appears to level off with stress accumulation, 
continued stress accumulation beyond the limit of this experiment would 
surely result in further yield declines. This curvilinear yield response 
to CSI seems to result primarily from the very high low-stress yield of 
Beeson soybeans. 
Beeson and Ottille 7270 both showed less seed yield and dry—weight 
sensitivity to stress early in the beginning-seed CR5) growth stage. 
141 
Because Corsoy and Hodgson were not stressed during the early 
beginning-seed growth stage, their sensitivity to stress during early 
stage R5 could not be assessed. These data indicate that the 
beginning-seed growth stage might need weighting for better yield 
predictions, but further study is needed to confirm these responses 
in the field. 
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APPENDIX A. 
ANALYSES OF VARIANCE AND ORTHOGONAL COMPARISONS FOR STRESS PARAMETERS 
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Table A.l. Orthogonal comparison coefficients (K^) and method of calcu­
lation for stress parameters 
CULTIVAR 
STRESS 
TREATMENT 
C 0 M P A R I S O N  S 
T1 T2 T3 
Period 2 
T4 T5 
Period 3 
T4 T5 
PARAMETER 
MEAN 
Hodgson PO 1 1 0 -2 0 -2 0 
^1 
P2 1 1 0 1 1 0 0 
^2 
P3 1 1 0 0 0 1 1 
^3 
PI 1 1 0 0 0 0 0 
^4 
P12 1 1 0 1 -1 0 0 S 
P123 1 1 0 0 0 1 -1 
"^ 6 
Ottilie 7270 PO 0 1 -2 0 -2 0 
^7 
P2 0 1 ± 1 0 0 
P3 0 1 0 0 1 1 
^9 
PI 0 1 0 0 0 0 
^10 
' P12 0 1 1 -1 0 0 Xii 
P123 0 1 0 0 1 -1 
^12 
Beeson PO 0 -1 -2 0 -2 0 
^13 
P2 0 -1 1 1 0 0 
^14 
P3 0 -1 0 0 1 1 
^15 
PI 0 -1 0 0 0 0 
^16 
P12 0 -1 1 -1 0 0 
^17 
P123 0 -1 0 0 1 -1 
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Table A.l. (Continued) 
C O M P A R I S O N S  
STRESS Perxod 2 Period 3 p^^^^xER 
Cultiver TREATMENT T1 T2 T3 T4 T5 T4 T5 MEAN 
Cor soy PC 1 -1 0 -2 0 -2 0 
P 2  1 - 1 0  1 1 0  0  X 2 0  
P3 1 -1 0 0 0 1 1 X21 
PI 1 -1 0 0 0 0 0 X22 
P12 1-10 1-1 0 0 X23 
P123 1 -2 0 0 0 1 -1 Xg^ 
T^ comparison SS 
24 y 
" Jx Kâ) 
24 
I K. 
m=l im 
Tj^*Tj comparison SS = 
n I IK,_K._X_ 
I J" 
Ï { 
m=l ^ 
K. K. V im jmj 
For T1 - T3 F = SS/Error A mean square 
For T4 - T5 F = SS/Error B mean square 
Early- versus late-maturing (Tl), Hodgson versus Corsoy (T2), 
Ottilie 7270 versus Beeson (T3), low stress versus high stress (T4), and 
unconditioned versus preconditioned (T5). 
^Significance tests were made against table values of F with one and 
appropriate error A, B, or C degrees of freedom. 
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Table A.1. (Continued) 
For Tj^*Tj F = SS/Error C mean square 
= m*"^ stress parameter mean from n replications 
K. = the coefficient of the i^^ comparison 
153 
Table A.2. Analyses of variance for adaxlal, abaxial, and total-
leaf stomatal conductances on day 70 after planting 
M E A N  S Q U A R E S  
SOURCE DEGREES 
OF OF Adaxial Abaxial Stomatal 
VARIATION FREEDOM Conductance Conductance Conductance 
Row 3 0. 0020 0. 0019 0. 0071 
Column 3 0. 0032 0. 0055 0. 0166 
Cultivar 3 0. 0015 0. 0003 0. 0018 
T1 1 0. 0044 0. 0000 0. 0039 
T2 1 0. 0001 0. 0008 0. 0014 
T3 1 0. 0002 0. 0000 0. 0002 
Error A 6 0. 0020 0. 0005 0. 0034 
Treatment 2 0. 0243** 0. 0179** 0. 0828** 
T4 1 0. 0437** 0. ,0263** 0. 1380** 
T5 1 0, 0048 0. 0095* 0. 0276t 
Error B 6 0. ,0020 0, .0012 0. 0056 
CUL*TRT 6 0. .'^006 0. 0002 0. 0011 
T1*T4 1 c .  , -010 0. 0001 0. ,0017 
T1*T5 1 0. 0001 0, .0001 0. ,0003 
T2*T4 1 0. 0000 0, .0003 0. ,0003 
T2*T5 1 0, .0023 0, .0002 0. ,0036 
T3*T4 1 0, .0000 0 .0001 0. 0004 
T3*T5 1 0, .0000 0 .0002 0. 0004 
Error C 18 0 .0009 0 .0014 0. 0037 
TOTAL 47 0 .0024 0 .0020 0. 0079 
^See Table A.l. for an explanation of comparisons. 
+ * ** 
Significant at the 0.10, 0.05, and 0.01 levels, respectively. 
I 
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Table A.3. Analyses of variance for soil moisture, leaf water 
potential, and leaf osmotic potential on day 70 after 
planting^ 
SOURCE 
OF 
VARIATION 
DEGREES 
OF 
FREEDOM 
M E A N  S Q U A R E  S 
Soil 
Moisture 
Water 
Potential 
Osmotic 
Potential 
Row 3 7.97 0.93 1.11 
Column 3 1.05 1.82 0.93 
Cultivar 3 2.79 0.77 3.11** 
T1 1 3.58t 1.92 5.74** 
T2 1 1.50 0.00 0.57 
T3 1 3.30 0.40 3.01* 
Error A 6 0.93 3.34 0.29 
Treatment 2 109.42** 19.59** 5.27 
T4 1 218.71** 33.49** 9.25 
T5 1 0.14 5.70t 1.28 
Error B 6 1.15 1.47 4.60 
CUL*TRT 6 1.21 1.52 1.30 
Tl*T4 1 0.44 2.63 0.88 
T1*T5 1 1.58 4.43 5.28 
T2*T4 1 3.00t 0.30 0.20 
T2*T5 1 0.90 0.00 0.05 
T3*T4 1 0.50 0.59 0.94 
T3*T5 1 0.86 1.16 0.46 
Error C 18 0.77 1.70 1.12 
TOTAL 47 6.13 2.52 1.78 
^See Table A.l. for an explanation of comparisons. 
t ,  * ,  * *  .  
Significant at the 0.10, 0.05, and 0.01 levels, respectively. 
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Table A.4. Analyses of variance for turgor potential and uptake 
on day 70 after planting^ 
SOURCE 
OF 
VARIATION 
DEGREES 
OF 
FREEDOM 
MEAN SQUARES 
Turgor 
Potential 
^^COg 
Uptake 
Row 3 0.33 150 
Column 3 0.45 259 
Cultivar 3 2.41 411 
T1 1 1.02 1086* 
T2 1 0.60 0 
T3 1 5.61 146 
Error A 6 3.10 147 
Treatment 2 4.56 3543 
T4 1 7.54t 6106** 
T5 1 1.58 981 
Error B 6 1.29 88 
CUL*TRT 6 0.13 152 
Tl*T4 1 0.47 44 
T1*T5 1 0.04 87 
T2*T4 1 0.01 7 
T2*T5 1 0.08 640t 
T3*T4 1 0.48 131 
T3*T5 1 0.16 2 
Error C 18 0.63 183 
TOTAL 47 1.22 323 
^See Table a.l. for an explanation of comparisons. 
"f* «R» îHf 
' ' Significant at the 0.10, 0.05, and 0.01 levels, respectively. 
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Table A.5. Analyses of variance for soil moisture on days 71, 72, 
and 80 after planting 
SOURCE DEGREES MEAN SQUARES 
OF OF 
VARIATION FREEDOM DAP 71 DAP 72 DAP 80 
Square 1 1.73 1.26 6.93 
Row (SQR) 6 10.00 10.22 21.59 
COL (SQR) 6 1.91 1.85 8.97 
Cultiver 3 2.34t 3.68* 1.39 
T1 1 4.55* 7.82* 3.84* 
T2 1 1.73 1.69 0.24 
T3 1 0.75 1.54 0.08 
Error A 15 0.85 1.06 5.09 
Treatment 2 117.37** 87.89** 253.32** 
T4 1 234.75** 175.57** 500.20** 
T5 1 0.00 0.20 6.44 
Error B 14 1.38 1.24 4.87 
CUL*TRT 6 2.67t 2.02 2.43 
T1*T4 1 0.47 0.24 9.32t 
T1*T5 1 0.74 0.49 0.58 
T2*T4 1 2.47 2.54 0.67 
X A.'- j. w* 3.92+ 1.71 
i-i CM c> 
T3*T4 1 8.47* 7.15* 0.47 
T3*T5 1 0.01 0.02 3.32 
Error C 42 1.20 1.15 2.62 
TOTAL 95 4.35 3.73 10.21 
^See Table A.l. for an explanation of comparisons. 
Significant at the 0.10, 0.05, and 0.01 levels, respectively. 
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Table A. 6. Analyses of variance for leaf water, osmotic, and turgor 
potentials on day 71 after planting^ 
MEAN SQUARES 
SOURCE 
OF 
VARIATION 
DEGREES 
OF 
FREEDOM 
Water 
Potential 
Osmotic 
Potential 
Turgor 
Potential 
Square 1 14.65 8.88 0,72 
Row (SQR) 6 4.06 2.92 0.59 
COL (SQR) 6 4.63 2.78 2.46 
Cultivar 3 7.04 6.74* 1.27 
T1 1 18.82* 19.62** 0.00 
T2 1 0.63 0.20 0.12 
T3 1 1.69 0.39 3.69 
Error A 15 3.63 1.59 1.66 
Treatment 2 83.17** 20.50** 21.09** 
T4 1 154.08** 37.72** 39.33** 
T5 1 12.25t 3.29 2.85 
Error B 14 3.87 1.52 2.20 
CUL*TRT 6 6.73 2.39 1.37 
T1*T4 1 17.52* 5.92 3.08 
T1*T5 1 1.00 1.24 0.01 
T2*T4 1 6.51 2.77 0.79 
T2*T5 1 15.13* 4.13 3.45 
T3*T4 1 0.09 0.26 0.67 
T3*T5 1 0.13 0.02 0.25 
Error C 42 3.58 2.55 1.77 
TOTAL 95 5.83 2.85 2.14 
^See Table A.l. for an explanation of comparisons. 
* ** 
Significant at the 0.10, 0.05, and 0.01 levels, respectively. 
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Table A. 7. Analyses of 
conductance 
variance for adaxial, abaxial, and 
on day 71 after planting^ 
leaf stomatal 
SOURCE 
OF 
VARIATION 
DEGREES 
OF 
FREEDOM 
MEAN SQUARES 
Adaxial 
Conductance 
Abaxial 
Conductance 
Stomatal 
Conductance 
Square 1 0.0070 0.0225 0.0546 
Row (SQR) 6 0.0026 0.0026 0.0100 
COL (SQR) 6 0.0014 0.0020 0.0063 
Cultivar 3 0.0014 0.0014 0.0042 
T1 1 0.0017 0.0016 0.0065 
T2 1 0.0019 0.0002 0.0009 
T3 1 0.0005 0.0024 0.0052 
Error A 15 0.0011 0.0017 0.0046 
Treatment 2 0.0671** 0.0326** 0.1924** 
T4 1 0.1334** 0.0624** 0.3781** 
T5 1 0.0009 0.0028 0.0068 
Error B 14 0.0014 0.0025 0.0067 
CUL*TRT 6 0.0013 0.0010 0.0039 
T1*T4 1 0.0008 0.0005 0.0025 
T1*T5 1 0.0014 0.0010 0.0049 
T2*T4 1 JL 0.0002 0.0009 0.0002 
T2*T5 1 0.0043* 0.0021 0.0124 
T3*T4 1 0.0004 0.0007 0.0001 
T3*T5 1 0.0007 0.0010 0.0034 
Error C 42 0.0010 0.0014 0.0038 
TOTAL 95 0.0027 0.0026 0.0094 
^See Table A.l. for an explanation of comparisons. 
+ * ** 
Significant at the 0.10, 0.05, and 0.01 levels, respectively. 
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Table A.8. Analyses of variance for adaxial, abaxial, and leaf stomatal 
conductance on day 72 after planting^ 
MEAN SQUARES 
SOURCE DEGREES 
OF OF Adaxial Abaxial Stomatal 
VARIATION FREEDOM Conductance Conductance Conductance 
Square 1 0.0008 0.0001 0.0014 
Row (SQR) 6 0.0004 0.0009 0.0011 
COL (SQR) 6 0.0012 0.0018 0.0047 
Cultivar 3 0.0017 0.0013 0.0056 
T1 1 0.0014 0.0027 0.0079 
T2 1 0.0000 0.0002 0.0003 
T3 1 0.0037 0.0010 0.0086 
Error A 15 0.0020 0.0011 0.0054 
Treatment 2 0.0818** 0.0234** 0.1925** 
T4 1 0.1576** 0.0441** 0.3684** 
T5 1 0.0060* 0.0026 0.0166* 
Error B 14 0.0010 0.0012 0.0036 
CUL*TRT 6 0.0013 0.0007 0.0035 
T1*T4 1 0.0007 0.0006 0.0025 
T1*T5 1 0.0009 0.0002 0.0003 
'T2*TA 1 0.0004 0.0000 0.0005 
T2*T5 1 0.0052t 0.0034 0.0171 
T3*T4 1 0.0000 0.0001 0.0002 
T3*T5 1 0.0007 0.0001 0.0003 
Error C 42 0.0017 0.0018 0.0061 
TOTAL 95 0.0032 0.0019 0.0089 
^See Table A.l. for an explanation of comparisons. 
+ * ** 
' Significant at the 0.10, 0.05, and 0.01 levels, respectively. 
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Table A.9. Analyses of variance for leaf water, osmotic, and turgor 
potentials on day 72 after planting 
MEAN SQUARES 
SOURCE 
OF 
VARIATION 
DEGREE 
OF 
FREEDOM 
Water 
Potential 
Osmotic 
Potential 
Turgor 
Potential 
Square 1 15.44 5.04 38.13 
Row (SQR) 6 6.41 4.24 1.27 
COL (SQR) 6 10.67 4.64 6.43 
Cultivar 3 3.49 0.31 5.11 
T1 1 0.75 0.00 0.79 
T2 1 9.63 0.33 13.55 
T3 1 0.08 0.61 1.14 
Error A 15 5.52 2.61 5.12 
Treatment 2 238.24** 83.81** 48.00** 
T4 1 460.97** 138.72** 93.94** 
T5 1 15.50 28.89* 2.07 
Error B 14 9.21 4.32 6.40 
CUL*TRT 6 1.81 4.81 2.08 
T1*T4 1 1.78 0.32 3.60 
T1*T5 1 0.66 0.02 0.44 
T2*T4 1 1.38 4.13 0.74 
T2*T5 1 3.45 6.57 0.50 
T3*T4 1 1.04 13.28t 6.88 
T3*T5 1 2.53 4.57 0.30 
Error C 42 7.04 4.12 2.45 
TOTAL 95 11.82 5.56 5.02 
^See Table A.l. for an explanation of comparisons. 
* ** 
Significant at the 0.05 and 0.01 levels, respectively. 
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Table À.10. Analyses of variance for leaf water, osmotic, and turgor 
potentials on day 80 after planting^ 
MEAN SQUARES 
SOURCE 
OF 
VARIATION 
DEGREES 
OF 
FREEDOM 
Water 
Potential 
Osmotic 
Potential 
Turgor 
Potential 
Square 1 0.59 0.01 0.81 
ROW (SQR) 6 3.02 1.79 3.84 
COL (SQR) 6 4.11 0.66 2.63 
Cultivar 3 0.41 0.19 0.34 
T1 1 0.07 0.47 0.18 
T2 1 0.13 0.10 0.00 
T3 1 1.02 0.01 0.83 
Error A 18 1.90 2.36 0.85 
Treatment 2 57.76** 16.47** 13.78** 
T4 1 114.86** 32.42** 25.23** 
T5 1 0.66 0.51 2.33 
Error B 14 1.51 2.22 0.80 
CUL*TRT 6 2.80 1.78 1.14 
T1*T4 1 10.78* 5.63 0.83 
T1*T5 1 2.84 0.21 4.62* 
T2*T4 1 0.00 0.01 0.00 
T2*T5 1 0.01 0.32 0.23 
T3*T4 1 0.01 0.94 1.15 
T3*T5 1 3.13 3.58 0.02 
Error C 42 1.91 2.11 0.86 
TOTAL 95 3.23 2.25 1.42 
^See Table A.l. for an explanation of comparisons. 
* ** 
Significant at the 0.05 and 0.01 levels, respectively. 
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Table A.11. Analyses of 
conductance 
variance for adaxial, abaxial, 
on day 80 after planting^ 
and leaf stomatal 
SOURCE 
OF 
VARIATION 
DEGREES 
OF 
FREEDOM 
MEAN SQUARES 
Adaxial 
Conductance 
Abaxial 
Conductance 
Stomatal 
Conductance 
Square 1 0.0017 0.0008 0.0002 
Row (SQR) 6 0.0014 0.0014 0.0051 
COL (SQR) 6 0.0021 0.0013 0.0060 
Cultivar 3 0.0037** 0.0014 0.0086** 
T1 1 0.0104** 0.0024t 0.0228** 
T2 1 0.0003 0.0004 0.0000 
T3 1 0.0004 0.0013 0.0030 
Error A 18 0.0006 0.0007 0.0014 
Treatment 2 0.0373** 0.0276** 0.1253** 
T4 1 0.0690** 0.0366** 0.2060** 
T5 1 0.0056* 0.0186** 0.0446** 
Error B 14 0.0010 0.0009 0.0026 
CUL*TRT 6 0.0028** o.ooiet 0.0067* 
T1*T4 1 0.0030 0.0000 0.0023 
T1*T5 1 0.0036 0.0001 0.0047 
1 0.0003 0.0000 0.0002 
T2*T5 1 0.0045 0.0000 0.0053 
T3*T4 1 0.0002 0.0003 0.0000 
T3*T5 1 0.0050 0.0091** 0.0276** 
Error C 42 0.0008 0.0007 0.0021 
TOTAL 95 0.0019 0.0015 0.0056 
^See Table A.l. for an explanation of comparisons. 
•f* * ** Significant at the 0.10, 0.05, and 0.01 levels, respectively. 
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APPENDIX B. 
ANALYSES OF VARIANCE AND COMPARISONS FOR YIELD CHARACTERISTICS 
Table B.l. Comparison coefficients (K^) and method of calculation for analysis of yield 
charac teristics^ 
COMPARISONS 
STRESS CHARACTERISTIC 
CULTIVAR TREATMENT Cl C2 C3 C4 C5 C6 C7 C8 C9 CIO MEAN 
Hodgson 
Ottilie 
PC 
P2 
P3 
PI 
P12 
P123 
PO 
P2 
P3 
PI 
P12 
P123 
1 
1 
-1 
0 
0 
0 
0 
0 
0 
0  - 5  0 0 0 0 0 0  
0 1 1 1 1 0 1 1  
0  1 1 - 1 0  1 1 - 1  
0 1 -4 0 0 0 -2 0 
0 1 1 1 - 1 0 0 0  
0  1 1 - 1 0 - 1 0 0  
0 0 0 0 0 0 
1 1 1 0  1 1  
1 - 1 0  1 -1 
-4 0 0 0 -2 0 
1 1 - 1 0  0  0  
1 - 1  0 - 1  0  0  
10 
'11 
'12 
Beeson PO -1 0 -5 0 0 0 0 0 0 ^13 
P2 -1 0 1 1 1 1 0 1 1 
^14 
P3 -1 0 1 1 -1 0 1 1 -1 
^15 
PI -1 0 1 -4 0 0 0 -2 0 
^6 
P12 -1 0 1 1 1 -1 0 0 0 
^17 
P123 -1 0 1 1 -1 0 -1 0 0 
^18 
Corsoy PO 0 -5 0 0 0 0 0 0 
^19 
P2 0 1 1 1 1 0 1 1 
^20 
P3 0 1 1 -1 0 1 1 -1 
^21 
PI 0 1 -4 0 0 0 -2 0 
^22 
P12 0 1 1 1 -1 0 0 0 
^23 . 
P123 0 1 1 -1 0 -1 0 0 
^24 
^Orthogonal 25-cin strata comparisons and interactions with the above cultivar and stress com­
parisons were also made for the stem yield characteristics. The method of calculation was similar 
to above but with additional comparisons between strata. Strata were numbered from 1 through 5 
from the bottom and the following comparisons were made. Strata 4 and 5 versus strata 1 and 2 
(Cll), stratum 3 versus strata 1, 2, 4, and 5 (C12), stratum 1 versus stratum 2 (C13), and stratum 
4 versus stratum 5 (C14). 
Table B.l. (Continued) 
. " J, «ImV' " % 
comparison SS = —^ C^*C. comparison SS = —^ 
m=l i=l 
For C 1 - C 3  F : : SS/Error A mean square 
For 
•^4 " ^ 10 
F = = SS/Error B mean square 
For Ci*Cj F = : SS/Error C mean square 
— till 
= the m yield characteristic mean from n = 8 replications 
= the m^^ coefficient of the i^^ comparison 
Early versus late maturing (CI), Hodgson versus Corsoy (C2), Ottilie 7270 versus Beeson (C3), 
low stress versus high stress (C4), PI stress versus all but PO stress (C5), P2 and P12 versus P3 
and P123 (C6), P2 versus P12 (C7), P3 versus P123 (C8), PI versus P2 and P3 (C9), and P2 versus 
P3 (CIO). 
'^Significance tests were made against table values of F with 1 and appropriate error A, B, or 
C degrees of freedom. 
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Table B.2. Analyses of variance on total plant seed yield, number of 
pods, and number of seeds 
SOURCE DEGREES MEAN SQUARES 
OF OF 
VARIATION FREEDOM Yield/Plant Pods/Plant Seeds/Plant 
Square 1 8. 79 11. 40 213. 43 
Row (SQR) 6 13. 53 21. 32 157. 83 
COL (SQR) 6 7. 98 37. 38 193. 02 
Cultivar 3 51. 83** 632. 01** 1151. 73** 
CI 1 136. 55* 1583. 32** 3093. 12** 
C2 1 4. 03 71. 28* 115. 79 
C3 1 14. 48 241. 17** 246. 03 
Error A 15 4. 18 14. 19 76. 87 
Treatment 5 54. 61** 522. 66** 3048. 18** 
C4 1 195. 41** 1022. 75** 7153. 34** 
05 1 9. 98 3. 96 1. 31 
C6 1 6. 30 30 81 128 ,32 
C7 1 21. 16* 348 20** 1666 ,27** 
C8 1 40. 07** 1207 ,56** 6291 .66** 
C9 1 0 07 297 ,01** 1131 .41** 
CIO 1 0 ,83 143 .28** 743 .11** 
Error B 35 3 38 13 .38 79 .89 
CUL*TRT 15 3 66t 11 .80 58 .04 
C1*C4 1 5 .28 41 .60** 13 .65 
C1*C5 1 0 .51 0 .45 26 .70 
C1*C6 1 4 .47 3 .62 8 .90 
C1*C7 1 4 .67 0 .06 3 .17 
C1*C8 1 6 ,92 39 .82** 113 .21 
C1*C9 1 0 .26 1 .29 52 .92 
C1*C10 1 15 .13* 3 .72 69 .22 
^See Table B.l. for an explanation of comparisons. 
•{• * ** 
Significant at the 0.10, 0.05, and 0.01 levels, respectively. 
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Table B.2. (Continued) 
SOURCE 
OF 
VARIATION 
DEGREES 
OF 
FREEDOM 
MEAN SQUARES 
Yield/Plant Pods/Plant Seeds/Plant 
C2*C4 1 0.02 7.82* 2.01 
C2*C5 1 5.24 13.32** 291.54* 
C2*C6 1 0.01 5.86* 0.29 
C2*C7 1 10.40* 11.81** 0.00 
C2*C8 1 12.50* 9.77** 201.60 
C2*C9 1 4.75 10.51** 386.89** 
C2*C10 1 12.00* 24.92** 45.51 
C3*C4 1 3.18 9.68** 59.08 
C3*C5 1 0.35 2.55 64.08 
C3*C6 1 1.06 18.06** 29.81 
C3*C7 1 0.02 4.32 30.11 
C3*C8 1 0.13 8.49** 25.92 
C3*C9 1 0.47 0.00 51.74 
C3*C10 1 0.39 11.71** 2.04 
Error C 105 2.34 11.74 55.56 
TOTAL 191 5.49 36.46 165.81 
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Table B.3. Analyses of variance on stem node number and on branch 
number 
SOURCE DEGREES MEAN SQUARES 
OF OF 
VARIATION FREEDOM Nodes/Plant Branches/Plant 
Square 1 0.00 0.25 
Row (SQR) 6 0.77 0.08 
COL (SQR) 6 0.56 0.76 
Cultivar 3 88.35** 7.87** 
CI 1 188.50** 5.60** 
C2 1 74.06** 15.55** 
C3 1 2.72 2.48* 
Error A 15 1.08 0.35 
Treatment 5 4.49** 0.36 
C4 1 14.48** 0.74 
C5 1 0.15 0.42 
C6 1 0.04 0.35 
C7 1 3.28* 0.04 
C8 1 4.58** 0.22 
C9 1 2.22* 0.45 
CIO 1 0.00 0.58 
Error B 35 0,45 0.20 
CUL*TRT 15 0. 27 0.21 
C1*C4 1 0.01 0.09 
C1*C5 1 0.01 0.09 
C1*C6 1 0.08 0.29 
C1*C7 1 0.00 0.07 
C1*C8 1 0.71 0.00 
C1*C9 1 0.11 0.13 
C1*C10 1 0.05 0.07 
^See Table B.l. for an explanation of comparisons. 
*, ** 
Significant at the 0.05 and 0.01 levels, respectively. 
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Table B.3. (Continued) 
SOURCE 
OF 
VARIATION 
DEGREES 
OF 
FREEDOM 
MEAN SQUARES 
Nodes/Plant Branches/Plant 
C2*C4 1 0.15 0.04 
C2*C5 1 0.92 0.35 
C2*C6 1 0.03 0.00 
C2*C7 1 0.48 0.16 
C2*C8 1 0.30 0.29 
C2*C9 1 0.69 0.34 
C2*C10 1 0.54 0.22 
C3*C4 1 1.00 0.55 
C3*C5 1 0.02 0.05 
C3*C6 1 0.01 0.18 
C3*C7 1 0.23 0.11 
C3*C8 1 0.13 0.90* 
C3*C9 1 0.01 0.03 
C3*C10 1 0.12 0.37 
Error G 105 0.36 0.18 
TOTAL 191 1.93 0.34 
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Table B.4. Analyses of variance for seed yield, number of pods, and 
number of seeds on the branches^ 
SOURCE DEGREES MEAN SQUARES 
OF OF 
VARIATION FREEDOM Yield/Plant Pods/Plant Seeds/Plant 
Square 1 27.71 62.04 408.36 
Row (SQR) 6 3.63 16.78 85.31 
COL (SQR) 6 8.06 32.44 142.52 
Cultivar 3 19.82** 324.15** 1268.83** 
CI 1 4.71 652.39** 1958.41** 
C2 1 41.61** 250.90** 1575.29** 
C3 1 13.98* 68.55* 272.57* 
Error A 15 2.65 11.38 55.15 
Treatment 5 8.60** 90.12** 539.76** 
C4 1 19.95** 153.60** 1184.41** 
C5 1 0.02 9.02 6.99 
C6 1 0.30 24.64* 100.54 
C7 1 6.15* 53.58** 211.12** 
C8 1 18.15** 209.67** 1196.47** 
C9 1 3.24 81.64* 275.33* 
CIO 1 1.64 50.27** 293.09** 
Error B 35 0 • 97 5.48 27.65 
CUL*TRT 15 2.27* 6.96 38.04 
C1*C4 1 0.50 11.48 15.67 
C1*C5 1 0.11 0.03 21.67 
C1*C6 1 0.84 12.50 5.85 
C1*C7 1 3.39 0.71 8.35 
C1*C8 1 0.03 6.45 57.30 
C1*C9 1 0.62 0.12 31.36 
C1*C10 1 0.13 0.66 12.39 
^See Table B.l. for an explanation of comparisons. 
* ** 
Significant at the 0,05 and 0.01 levels, respectively. 
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Table B.4. (Continued) 
SOURCE DEGREES MEAN SQUARES 
OF OF 
VARIATION FREEDOM Yield/Plant Pods/Plant Seeds/Plant 
C2*C4 1 7.46* 2.24 0.89 
C2*C5 1 0.50 1.62 68.01 
C2*C6 1 0.44 5.62 20.79 
C2*C7 1 5.12* 6.92 26.50 
C2*C8 1 4.50* 4.68 157.71* 
C2*C9 1 0.37 1.06 93.46 
C2*C10 1 7.07* 16.59 145.86* 
C3*C4 1 1.95 1.40 24.73 
C3*C5 1 0.02 0.20 5.88 
C3*C6 1 5.76* 23.91* 67.90 
C3*C7 1 0.06 1.41 4.09 
C3*C8 1 5.78* 24.92* 85.80 
C3*C9 1 0.41 1.90 1.09 
C3*C10 1 7.68* 28.73* 89.24 
Error C 105 1.13 5.75 26.67 
TOTAL 191 2.23 14.93 70.40 
173 
Table B.5. Analyses of variance for seed yield, number of pods, and 
number of seeds on the sterns^ 
SOURCE DEGREES MEAN SQUARES 
OF OF 
VARIATION FREEDOM Yield/Plant Pods/Plant Seed/Plant 
Square 1 0.54 4.06 6.40 
Row (SQR) 6 0.73 1.13 8.32 
COL (SQR) 6 0.17 0.35 5.33 
Cultivar 3 16.57** 56.29** 64.57* 
CI 1 43.77** 40.54** 26.07 
C2 1 5.92** 117.81** 167.49** 
C3 1 0.01 10.53* 0.16 
Error A 15 0.50 1.59 12.23 
Treatment 5 3.49** 36.97** 209.05** 
C4 1 12.17** 76.80** 503.68** 
C5 1 1.63* 0.20 2.70 
C6 1 1.65* 0.07 0.33 
C7 1 0.90 25.79** 138.18** 
C8 1 1.08* 82.02** 400.33** 
C9 1 0.35 13.49** 58.82** 
CIO 1 0.74 4.71* 20.56* 
Error B 35 0.25 0.70 4.39 
CUL*TRT 15 0.38** 0.62 5.80 
C1*C4 1 0.41 1.89 0.02 
C1*C5 1 0.03 0.05 0.03 
C1*C6 1 1.64* 0.54 5.85 
C1*C7 1 0.02 0.07 0.24 
C1*C8 1 0.98 2.85 1.89 
C1*C9 1 0.01 0.13 0.48 
C1*C10 1 2.17* 1.51 4.62 
^See Table B.l. for an explanation of comparisons. 
* ** 
Significant at the 0.05 and 0.01 levels, respectively. 
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Table B.5. (Continued) 
SOURCE DEGREES MEAN SQUARES 
OF OF 
VARIATION FREEDOM Yield/Plant Pods/Plant Seed/Plant 
C2*C4 1 0.01 0.34 0.04 
C2*C5 1 0.43 1.11 15.55 
C2*C6 1 0.06 0.00 5.20 
C2*C7 1 0.18 0.13 5.14 
C2*C8 1 0.40 0.19 0.56 
C2*C9 1 0.43 0.97 19.98 
C2*C10 1 0.13 0.17 5.63 
C3*C4 1 0.02 0.75 1.52 
C3*C5 1 0.02 0.27 5.87 
C3*C6 1 0.26 0.09 1.53 
C3*C7 1 0.03 0.16 2.40 
C3*C8 1 1.19 0.87 41.13* 
C3*C9 1 0.25 0.39 13.07 
C3*C10 1 0.66 0.77 23.57 
Error C 105 0.17 0.85 4.54 
TOTAL 191 1.04 2.69 11.66 
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Table B.6. Analyses of variance on stem vertical distributions of seed 
yield, number of nodes, number of pods, and number of seeds 
SOURCE 
OF 
VARIATION 
DEGREES 
OF 
FREEDOM 
MEAN SQUARES 
Yield Nodes Pods Seeds 
Strata 4 641.10** 478.62** 2215.14** 12922.86** 
Cll 1 1.27** 1103.44** 20.31** 71.84** 
C12 1 716.86** 24.41** 2021.36** 11631.23** 
C13 1 1094.43** 184.00** 4184.13** 24353.13** 
C14 1 751.83** 597.80** 2634.72** 15634.57** 
SQR*STR 4 4.35 4.30 11.01 87.69 
Row*STR (SQR) 24 0.55 0.59 2.61 11.42 
COL*STR (SQR) 24 0.88 0.74 2.92 16.87 
CUL*STR 12 12.32** 9.85** 37.56** 215.94** 
C1*C11 1 0.00 2.04 10.42** 34.93 
C1*C12 1 37.84** 0.16 1.55 140.87** 
C1*C13 1 4.84** 30.57** 28.84** 81.81** 
C1*C14 1 1.71* 5.61** 69.76** 318.23** 
02*011 1 11.16** 0.32 38.99** 303.45** 
C2*C12 1 0.78 3.78* 0.29 13.67 
C2*C13 1 3.70** 11.23** 1.61 121.01** 
G2*G14 1 0.88 0.-45 11,11** 13,17 
C3*C11 1 40.81** 36.60** 114.05** 753.72** 
C3*C12 1 33.01** 3.00* 153.37** 591.98** 
C3*C13 1 12.59** 20.10** 18.45** 212.66** 
C3*C14 1 0.52 0.71 2.33 5.77 
Error D 60 0.33 0.57 1.41 9.47 
TRT*STR 20 0.64** 1.03** 2.68** 14.02** 
C4*C11 1 3.37** 2.04** 5.44* 35.83** 
Plants were cut off at ground level and then were cut into 25-cm 
sections and were numbered as strata 1-5 from the bottom upward. See 
Table B.l. for an explanation of comparisons. 
** 
Significant at the 0.05 and 0.01 levels, respectively. 
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Table B.6. (Continued) 
SOURCE DEGREES MEAN SQUARES 
OF OF 
VARIATION FREEDOM Yield Nodes Pods Seeds 
C4*C12 1 0. 06 0. 60 1. 56 9. 30 
C4*C13 1 0. 53 0. 10 10. 07** 55. 56** 
C4*C14 1 0. 00 6. 65** 0. 03 0. 00 
C5*C11 1 0. 80 0. 25 3. 76* 29. 74* 
C5*C12 1 0. 12 1. 00* 0. 47 0. 31 
C5*C13 1 1. 02* 0. 01 1. 17 4, 97 
C5*C14 1 0. 77 1. 10* 2. 16 3. 24 
C6*C11 1 0. 03 0. 07 0. 01 0. 63 
C6*C12 1 0. 59 0. 01 0. 10 4. 57 
06*013 1 0. 15 0. 16 0. 15 0. 00 
C6*C14 1 0. 05 0, 06 0. 00 3. 80 
C7*C11 1 1. 48* 0. 52 5. 71* 12. 79 
07*012 1 0. 13 0. ,08 2. 25 11. 41 
07*013 1 0. 41 0. ,14 0. 00 3. 84 
07*014 1 0. ,03 0. ,96* 0. 92 2. 31 
08*011 1 1. ,41* 3. ,65** 3. 14 18. ,50* 
08*012 1 1. 77** 0, .72 0. ,26 2. 67 
C8*C13 1 0. ,00 1. 22* 14. 53** 64. ,03** 
08*014 1 0, .00 2, .45** 1. ,55 16, .98 
09*011 1 2. 27** 1, 48** 8. 83** 52, .60** 
09*012 1 0 .00 1 .54** 0. 83 1, .02 
09*013 1 1 .21* 0 .09 0, .02 0 .70 
09*014 1 0 .70 2 .87** 0 .50 0 .00 
010*011 1 0 .02 0 .16 0 .06 0 .85 
010*012 1 1 .94** 0 .13 1 .52 16 .15 
010*013 1 0 .00 1 .05* 2 .73 9 .13 
010*014 1 0 .00 0 .22 0 .02 7 .17 
Error E 140 0 .22 0 .21 0 .86 4 .70 
OUL*TRT*STR 60 0 .38** 0 .38** 1 .39** 8 .55** 
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Table B.6. (Continued) 
SOURCE 
OF 
VARIATION 
DEGREES 
OF 
FREEDOM 
MEAN SQUARES 
Yield Nodes Pods Seeds 
C1*C4*C11 1 0.23 0.18 2.11 4.03 
C12 1 0.01 0.00 0.15 0.16 
C13 1 0.38 0.00 1.98 0.30 
C14 1 1.86** 4.22** 4.55* 40.71** 
C1*C5*C11 1 0.27 0.16 0.67 2.28 
C12 1 0.22 0.62 0.23 2.14 
C13 1 0.41 0.10 2.39 9.10 
C14 1 0.45 0.05 1.07 5.09 
C1*C6*C11 1 0.19 0.13 0.27 2.56 
C12 1 0.02 0.06 0.13 0.58 
C13 1 0.24 0.01 0.51 0.86 
C14 1 1.32** 0.26 2.63 11.01 
C1*C7*C11 1 0.47 0.09 1.55 9.47 
C12 1 0.00 0.00 0.63 8.22 
C13 1 0.30 0.12 0.84 0.18 
C14 1 0.11 0.24 0.42 4.03 
C1*C8*C11 1 0.33 0.02 2.64 0.20 
C12 1 0.58 0.22 0.13 0.05 
C13 1 0.77* 0.61 1.96 4.82 
C14 1 1.85** 4.34** 7.77** 46.61** 
C1*C9*C11 1 0.19 0.10 0.74 0.38 
C12 1 0.05 0.37 0.01 4.95 
C13 1 0.46 0.03 2.40 10.66 
C14 1 0.01 0.29 0.00 0.24 
C1*C10*C11 1 0.10 0.22 1.15 0.40 
C12 1 0.24 0.01 0.00 3.47 
013 1 1.12* 0.26 2.76* 3.87 
C14 1 1.76** 1.34** 4.92** 22.63* 
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Table B.6. (Continued) 
SOURCE DEGREES MEAN SQUARES 
OF OF 
VARIATION FREEDOM Yield Nodes Pods Seeds 
C2*C4*C11 1 0. 17 0. 12 1. 18 6. 82 
C12 1 0. 60 0. 21 0. 74 11. 90 
C13 1 0. 00 0. 08 0. 16 0. 39 
C14 1 0. 93* 2. 42** 3. 26* 12. 95 
C2*C5*C11 1 0. 05 0, 07 0. 67 6. 92 
C12 1 0. 42 1. 87** 2. 11 5. 11 
C13 1 0. 17 0. 02 0. 79 17. 27 
C14 1 0. 49 1, 12* 2. 59 18. 52* 
C2*C6*C11 1 0. 00 0. 05 0. 01 0. 06 
C12 1 0. 53 0. 25 3. 24* 16. 89 
C13 1 0. 00 0. 01 0. 03 0. 36 
014 1 0, 10 0. 12 0. 06 0. 73 
C2*C7*C11 1 0. 10 0. 05 0. 00 5. 01 
C12 1 0. 01 0. 03 0. 15 0. 00 
C13 1 0. 31 0. 34 0. 74 6. 16 
C14 1 1. 22** 1. 78** 4. 77** 36. 77* 
C2*C8*C11 1 0 75* 0 32 0. 28 10 57 
C12 1 0 87* 0 04 2. 92* 9 64 
C13 1 0 .02 0 .63 1. 61 1 .60 
C14 1 1 .13** 1 .85** 4. 70* 35 .39** 
C2*C9*C11 1 0 .02 0 .00 0. 37 4 .45 
CI 2 1 0 .69* 1 .57** 3. 73* 8 .68 
C13 1 0 .07 0 .01 0. 86 23 .76* 
C14 1 1 .60** 3 .05** 7. 43** 54 .70** 
C2*C10*C11 1 0 .06 0 .00 0. 11 8 .49 
C12 1 0 .00 0 .03 0. 38 1 .77 
C13 1 0 .14 0 .37 1. 41 1 .07 
C14 1 0 .06 0 ,06 0. 03 0 .44 
179 
Table B.6. (Continued) 
SOURCE DEGREES MEAN SQUARES 
OF OF 
VARIATION FREEDOM Yield Nodes Pods Seeds 
C3*C4*C11 1 0. 44 0. 12 3. 34* 15. 04 
C12 1 0. 06 0. 03 0. 61 11. 40 
CIS 1 0. 26 0. 00 0. 66 8. 05 
C14 1 0. 01 0. 05 0. 37 0. 45 
C3*C5*C11 1 0. 49 0. 15 0. 51 4. 17 
C12 1 0. 68* 0. 44 2. 27 7. 28 
C13 1 0. 83* 0. 06 2. 15 16. 69 
C14 1 0, 03 0. 09 0. 15 0. 17 
C3*C6*C11 1 0. 60 0. 10 0. 45 3. ,33 
C12 1 0. 01 0. 07 0. 00 2, ,88 
C13 1 0. 06 0. 23 0. 01 1. ,25 
C14 1 0, 00 0. 38 0. ,10 1. 01 
C3*C7*C11 1 0. 05 0. 07 0. ,66 2. 57 
C12 1 0. 09 0. ,00 0. ,42 22 .00* 
C13 1 0. 07 0. ,47 0. ,00 0, 09 
C14 1 0, 02 0. ,00 0. ,02 0, .07 
C3*C8*C11 1 0. ,08 0. ,00 3. ,57* 2, .49 
Ci2 1 Û. ,01 0. ,10 4, .68** 18 .42* 
C13 1 0. ,49 0. ,12 0. ,61 18 .99* 
C14 1 0. 42 0. 33 0, .35 21 .40* 
C3*C9*C11 1 0, .61 0, .07 2, .05 7 .75 
C12 1 0 .75 0, .50 4 .78** 25 .56* 
C13 1 1, .23** 0, .01 2 .47 25 .76* 
C14 1 0, .00 0, .22 0 .23 2 .68 
C3*C10*C11 1 0 .27 0 .01 0 .00 1 .69 
C12 1 0 .00 0, .11 0 .63 1 .00 
C13 1 0 .00 0 .03 0 .09 1 .52 
C14 1 0 .09 0 .03 0 .02 3 .02 
Error F 420 0 .17 0 .18 0 .70 4 .56 
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Table B.7. Analyses of variance on dry weights of the stems, branches, 
and total (stem plus branch)^ 
SOURCE DEGREES MEAN SQUARES 
OF OF 
VARIATION FREEDOM Total Stems Branches 
Square 1 5.83 8.55 0.26 
Row (SQR) 6 0.62 0.36 0.11 
COL (SQR) 6 0.39 0.48 0.12 
Cultivar 3 34.69** 31.50** 1.36** 
CI 1 87.48** 79.46** 0.19 
C2 1 1.33 7.57** 2,53** 
C3 1 15.17** 7.30** 1.34** 
Error A 15 0.36 0.26 0.15 
Treatment 5 9.04** 4.06** 1.02** 
C4 1 15.65** 7.02** 1.74** 
C5 1 3,94** 1.25* 0.70** 
C6 1 1.58 0.41 0.41* 
C7 1 9.30** 4.75** 0,76** 
C8 1 14.82** 6.86** 1.51** 
C9 1 14.48** 5.80** 1.87** 
CIO 1 1.66 0.45 0.40* 
Error E 35 0.48 0.29 0.09 
CUL*TRT 15 0.73* 0.36t 0.13t 
C1*C4 1 0.67 0.67 0.00 
C1*C5 1 0.54 0,27 0.04 
C1*C6 1 0,30 0,01 0.20 
C1*C7 1 0.48 0,06 0.20 
C1*C8 1 1,37 0,61 0.15 
C1*C9 1 1.46 0.59 0.19 
C1*C10 1 0.40 0,12 0.08 
^See Table B.l. for an explanation of comparisons. 
4. * ** 
Significant at the 0.10, 0.05, and 0.01 levels, respectively. 
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Table B.7. (Continued) 
SOURCE DEGREES MEAN SQUARES 
OF OF 
VARIATION FREEDOM Total Stems Branches 
C2*C4 1 0.08 0.06 0.27 
C2*C5 1 0.00 0.01 0.00 
C2*C6 1 0.02 0.10 0.03 
C2*C7 1 2.25* 0.95* 0.27 
C2*C8 1 0.58 0.23 0.08 
C2*C9 1 0.06 0.05 0.00 
02*010 1 1.07 0.26 0.27 
C3*C4 1 1.94* 1.39* 0.04 
C3*C5 1 0.01 0.00 0.01 
C3*C6 1 0.61 0.08 0.26 
C3*C7 1 0.11 0.22 0.02 
C3*C8 1 2.12* 0.63 0.44* 
C3*C9 1 0.18 0.01 0.10 
C3*C10 1 2.08* 0.70 0.39* 
Error C 105 0.38 0.22 0.08 
TOTAL 191 1.22 0.89 0.14 
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Table B.8. Analysis of variance on yield per plant normalized as a 
percentage of the low-stress (PO) treatment^ 
SOURCE DEGREES 
OF OF MEAN 
VARIATION FREEDOM SQUARES 
Square 1 133. 89 
Row (SQR) 6 893. 99 
COL (SQR) 6 482. 10 
Cultivar 3 367. 84 
CI 1 743. 24 
C2 1 49. 77 
C3 1 312. 77 
Error A 15 385. 33 
Treatment 4 1858. 36** 
C4 1 5081. ,34** 
C5 1 375. ,52 
C6 1 169. 28 
C7 1 623. ,00* 
C8 1 1183. ,36** 
C9 1 0. 31 
CIO 1 20. 07 
Error B 28 116. 98 
CUL*TRT 12 136. 54 
C1*C4 1 148, ,33 
C1*C7 1 131. ,10 
C1*C8 1 200 .22 
C1*C9 1 24 .14 
C1*C10 1 410 .87* 
C2*C4 1 9 .91 
C2*C7 1 366 .12* 
^See Table B.l. for an explanation of comparisons. 
* ** 
Significant at the 0.05 and 0.01 levels, respectively. 
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Table B.8, (Continued) 
SOURCE DEGREES 
OF OF MEAN 
VARIATION FREEDOM SQUARES 
C2*C8 1 367. ,74* 
C2*C9 1 131, .41 
C2*C10 1 345. 85* 
C3*C4 1 62. 61 
C3*C7 1 2. 78 
C3*C8 1 3. 32 
C3*C9 1 9. 23 
C3*C10 1 16. 13 
Error C 84 84. 43 
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APPENDIX C. 
ANALYSES OF VARIANCE FOR YIELD-COMPONENT EFFECTS ~ 
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Table C.l. Analyses of variance for change in yield and change in yield 
due to change in the indicated yield components for whole 
plants, stems, and branches 
SOURCE DEGREES MEAN SQUARES 
OF OF 
VARIATION FREEDOM Whole Plant Stem Branch 
YIELD/PLANT 
Square 1 3. 62 10. 82 4. 90 
Row (SQR) 6 41. 09 10. 47 8. ,90 
COL (SQR) 6 21. ,49 5. 02 6. ,43 
Cultivar 3 14. 33 3. 88 17. ,05 
Error A 15 15. 51 5. 86 9. ,22 
Treatment 4 68. 26** 22. 03** 10. 75** 
Error B 28 4, .23 1, 55 1. 21 
CUL*TRT 12 4. 57t 2. 41** 2, .84* 
Error C 84 2. 93 1, .07 1. 41 
NODES/PLANT 
Square 1 0.98 0.47 2.36 
Row (SQR) 6 4.75 2.02 3.08 
COL (SQR) 6 1.69 0.73 2.87 
Cultivar 3 3.48 1.26 5.12t 
Error A 15 2.74 1.33 1.99 
Treatment 4 7.80** 3.68** 2.42 
Error B 28 0,78 0.36 1.50 
CUL*TRT 12 0.55 0.25 1.49 
Error C 84 0.63 0.30 1.26 
PODS/NODE 
square 1 4. ,53 1. 19 42. ,17 
Row (SQR) 6 13. 95 3. 59 23. 42 
COL (SQR) 6 24. 34 3. 34 37. ,62 
Cultivar 3 5. 46 0. 55 33. ,83 
Error A 15 10, .02 2. 73 42. 42 
Treatment 4 107. 59** 38. 58** 15, .04** 
Error B 28 3. 09 0. 93 3. 70 
CUL*TRT 12 2, .19 0. 46 2. ,93 
Error C 84 2, .85 1. 03 3. 36 
* ** 
Significant at the 0.10, 0,05, and 0.01 levels, respectively. 
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Table C.l. (Continued) 
SOURCE DEGREES MEAN SQUARES 
OF * OF 
VARIATION FREEDOM Whole Plant Stem Branch 
SEEDS/POD 
Square 
Row (SQR) 
COL (SQR) 
Cultivar 
Error A 
Treatment 
Error B 
CUL*TRT 
Error C 
1 
6 
6 
3 
15 
4 
28 
12 
84 
0.88 
3.52 
3.76 
7.16 
4.09 
2.26  
1.34 
2.48t 
1.49 
0.08 
0.93 
0.80  
3.76 
1.85 
0.63 
0.66 
1.24 
0.94 
1.78 
2.75 
1.94 
1.59 
3.34 
1.46* 
0.42 
0.66 
0.44 
WEIGHT/SEED 
Square 
Row (SQR) 
COL (SQR) 
Cultivar 
Error A 
Treatment 
Error B 
CUL*TRT 
Error C 
1 
6 
6 
3 
15 
4 
28 
12 
84 
4.61 
7.39 
2.29 
22.04** 
3.67 
62.43** 
1.65 
4.76t 
1.59 
4.15 
3.82 
2.06 
13.75** 
2.03 
30.65** 
0.86 
2.87** 
0.80 
13.27 
18.23 
9.57 
15.34 
13.70 
7.08** 
1.33 
1.49 
1.14 
INTERACTION 
Square 
Row (SQR) 
COL (SQR) 
Cultivar 
Error A 
Treatment 
Error B 
CUL*TRT 
Error C 
1 
6 
6 
3 
15 
4 
28 
12 
84 
0.00 
0.50 
0.21 
1.39t 
0.51 
0.61t 
0.29 
0.26 
0.21 
0.06 
0.34 
0.18 
0.23 
0.20 
0.74** 
0.16 
0.12 
0.14 
4.82 
18.98 
19.84 
17.38 
22.39 
3.08 
1.96 
1.93 
2.13 
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APPENDIX D. 
ANALYSES OF VARIANCE, ORTHOGONAL COMPARISONS, AND 
REGRESSIONS FOR SEED PARTITIONING EFFECTS 
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Table D.l. Orthogonal comparison coefficients (K^) and method of calcu­
lation used to analyze for seed dry-weight departures from 
expected values based on above-ground dry weight 
STRESS COMPARISON 
atresia 
Cultivar Treatment D1 D2 D3 D4 D5 D6 D7 D8 
ireciLmeïM. 
Mean 
Hodgson PC 1 1 0 1 -2 0 0 0 
^1 
P2 1 1 0 1 1 1 0 0 X2 
P3 1 0 1 1 -1 0 0 
^3 
PI 1 1 0 0 0 1 1 
^4 
P12 1 1 0 0 0 1 -1 
P123 1 1 0 0 0 -2 0 
^6 
Ottilie 7270 PO 0 1 1 -2 0 0 0 
^7 
P2 0 1 1 1 1 0 0 
^8 
P3 0 1 1 1 -1 0 0 
^9 
PI 0 1 0 0 1 1 
^10 
P12 0 1 0 0 1 -1 
^11 
P123 0 1 0 0 -2 0 
^12 
Beeson PO 0 -1 1 -2 0 0 0 Xi3 
P2 0 -1 1 1 1 0 0 
:i4 
P3 0 -1 1 1 -1 0 0 
*15 
PI 0 -1 0 0 1 1 
*16 
P12 0 -1 0 0 1 -1 
^17 
P123 0 -1 0 0 -2 0 0
0 
Corsoy PO 1 -1 0 1 -2 0 0 0 
^19 
P2 1 -1 0 1 1 1 0 0 
20 
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Table D.l. (Continued) 
Cultivar 
STRESS COMPARISON 
Stress 
Treatment Dl D2 D3 D4 D5 D6 D7 D8 
Treatment 
Mean 
P3 1 -1 0 1 1 -1 0 0 
^21 
PI 1 -1 0 -1 0 0 1 1 
^22 
P12 1 -1 0 -1 0 0 1 -1 
^23 
P123 1 -1 0 -1 0 0 -2 0 
^24 
comparison SS 
24 
I 
m=l 
24 
l K, 
m=l xm 
24 
^2 
" I K; S ) 
D^*Dj comparison SS = m=l 
im jm m 
For D^-Dg F = SS/Error A mean square 
For D/.-Dq F = SS/Error B mean square 
For D^*Dj F = SS/Error C mean square 
= departure mean from n = 8 replications 
K. = the m^^ coefficient of the i*"^ comparison 
xm 
^Early versus late maturing (Dl), Hodgson versus Corsoy (D2), Ottilie 
7270 versus Beeson (D3), PO, P2, and P3 versus PI, P12, and P123 (D4), PO 
versus P2 and P3 (D5), P2 versus P3 (D6), P123 versus PI and P12 (D7), and 
PI versus P12 (D8). 
Significance tests were made against table values of F with one and 
appropriate error A, B, or C degrees of freedom. 
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Table D.2. Analysis of variance on seed dry-weight departures from 
expected values based on above-ground dry weights^ 
SOURCE DEGREES 
OF OF MEAN 
VARIATION FREEDOM SQUARES 
Square 1 6.50 
Row (SQR) 6 0.51 
COL (SQR) 6 0.57 
Cultivar 3 1.28* 
D1 1 3.13** 
D2 1 0.02 
D3 1 0.68 
Error A 15 0.24 
Treatment 5 1.98** 
D4 1 3.42** 
D5 1 2.38** 
D6 1 1.45** 
D7 1 2.21** 
D8 1 0.47 
Error B 35 0.18 
CUL*TRT 15 0.34** 
D1*D4 1 1.25** 
D1*D5 1 0.11 
D1*D6 1 1.81** 
D1*D7 1 0.00 
D1*D8 1 0.00 
D2*D4 1 0.28 
D2*D5 1 0.04 
D2*D6 1 0.00 
^See Table D.l, for an explanation of comparisons, 
' Significant at the 0.05 and 0.01 levels, respectively. 
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Table D.2. (Continued) 
SOURCES DEGREES 
OF OF MEAN 
VARIATION FREEDOM SQUARES 
D2*D7 1 0.11 
D2*D8 1 0.05 
D3*D4 1 0.45 
D3*D5 1 0.01 
D3*D6 0.75* 
D3*D7 1 0.15 
D3*D8 1 0.05 
Error C 105 0.13 
TOTAL 191 0.29 
Table D.3. Regression equations for treatment group PO, P2, and P3 and for treatment group PI, 
P12, and P123 with tests of the null hypothesis that their respective slopes are 
equivalent to the expected slope^ 
C U L T I V A R  
Variable Hodgson Corsoy Ottilie 7270 Beeson 
Expected Slope 0.75 0.73 0.71 0.68 
(HI') 
PO, P?, & P3 SW = -1.82+0.83DW SW = -2.42+0.84DW SW = -2.82+0.84DW SW = -1.59+0. 75DW 
Regression 
0.96 0.95 0.94 0.88 
STD ERR 0.04 0.04 0.04 0.06 
t 2.36* 2.59* 2.81* 1.06 
PI, P12, & P123 SW = -0.54+0.77DS SW = -0.11+0.73DW SW = -1.19+0.78DW SW = -0.32+0. 72DW 
Regression 
r2 0.90 0.94 0.88 0.91 
STD ERR 0.06 0.04 0.06 0.05 
t 0.34 0.73 1.11 0.77 
*The expected slope was calculated as the harvest index of each respective low-stress (PO) 
treatment. The harvest index was calculated as (SEED DRY WEIGHT)/(STEM PLUS BRANCH PLUS SEED DRY 
WEIGHT). Each regression consisted of n = 24 sample values. 
